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DEVELOPMENT OF A HIGH CAPAGITY BUBBLE DOMAIN MEMORY ELEMENT 
AND RELATED EPITAXIAL GARNET MATERIALS FOR APPLICATION IN 
SPAGEGEAFT DATA RECORDERS ^ ^ ^ 

ITEM 2 

The Ophinization of Material-D^vi.Ge Parameters for Application 
in Bubble Domam Memory Elements 
for Spacecraft Data Recorders 

By- :■ ■ ■ 

P. J. Besser, et al 


1. SYNOPSIS 


The objectives of this item of the contract are; (1) to develop and optimize a 
liquid phase epitaxial garnet material for application in spacecraft data recorders, 
and (2) to evaluate techniques to obtain high level, low noise detector outputs for 
bubble memory elements and to provide optimizing criteria for the niaterial/device 
interface characteristics. To naeer these objectives, work under this item has been 
divided into eight parts. Task 1 is concerned with the design and evaluation of a 
material system which will provide the necessary bubble material properties. Task 2 
is concerned with the growth and yield of useful bubble maccriai films greater than 
1.25 in. in diameter. TaSk 3 is concerned with hard bubble suppression tecliniques 
which will permit device operation at the data rate and over the temperature range 
desired for the spacecraft data recorders. Task 4 is concerned with device evaluation 
of the material produced under Tusk 1 and the hard bubble suppression techniques. 

Task 5 is an evaluation of the effects of hard bubble suppression layers and crystal 
oi’ientation on device performance using pulsed laser stroboscopic microscopy 
(PLSM). Task 6 is concerned With detector optimization and Task 7 with improved 
passive replicator designs. Task 8 is the fabrication of an operating bubble domain 
memory cell. 

The details of the approach to each task and the results obtained are described 
in the body of the report. Because of the close interrelationship of Tasks 1 and 3 
they are presented sequentially in Sections 2 and 3. 

The prinnary gpa;l of the Task 1 work was to develop a material capable of 
operating in 10 (j.m period devices at data rates of 150 kHz over the temperature range 
of -IQOC to •f60°G. An additional objective was to obtain a temperature eg efficient of 
less than 0. 25 percent l/c° the characteristic length parameter of the material. 
Several Mai compositions were evaluated in the course of the program. Two candidate 
compositions vvei’e selected for device evaluation, Yg ^gSm^ gpLag ^^Ga^ 13^®3 87^12 

and Yg 07^®3 93*^12* garnets were excluded from 

ConSiderationAo avoid overlap with Air Force Contract F336l5~75-C-50 10. 


1 


Task 3 was directed toward selection and evaluation of a hard bubble suppression 
technique which would permit reliable circuit operation at 150 kHz from -10°C to 
+60°C:> Two candidate techniques were chosen to be evaluated with the matei’ial 
candidates in the device testing of Task 4. These are ion implantation and a multi- 
layer garnet technique which produces a 90 deg domain wall at the interface between 
the bubble layer and the suppressing layer. The latter approach is referred to as 
the Type III layer technique in most literature references and throughout this report. 

In the course of the Task 3 work it was discovered that the Type ni technique also 
had the potential of suppressing dynamic conversion, which, although not a problem 
for the data rate goals of this program, is a potential barrier to the achievement of 
device operation at megahertz data rates. 

The development effort of Task 2 established confidence that garnet wafers as 
large as 1. 5 in. in diameter and as thin as 0. 012 in. can be produced with the same 
high quality as that demonstrated in the previously standaf’d 1. 0 in. diameter , 

0.020 in. thick wafers. This verification and the development of large area films 
is essential to meeting the eventual cost goals of Item 1. 

f 

The device evaluation of the candidate materials and hard bubble suppression 
techniques has been the subject of Task 4. The test vehicle for this evaluation was 
intended to be the partially populated 10^ bit f~lo4 bits capacity), 16|j.in period device 
to be developed under Task 4 of Item 1. Difficulties in the fabrication of working 
masks of this device delayed its development to the point where it was no longer useful 
to the program. Consequently the work on the partially populated device was discon- 
tinued and the Task 4 evaluation was performed with the detector test pattern used in 
Task 6. All combinations of materials and bard bubble suppression techniques operated 
satisfactorily at 150 kHz over the temperature range of -10°C to +60°C. It was 
concluded that the selection of the final material and hard bubble suppression teclmique 
for the spacecraft data recorder program should therefore be based on other consider- 
ations such as ease of fabrication, reproducibility of properties and maximum mobility 
requirements for domain stripout. 

On Task 5, a recently developed high speed optical sampling technique was used 
to investigate dynamic effects in materials and devices. The bubble expansion and 
contraction measurements showed a domain wall velocity saturation which was essen- 
tially independent of composition and hard bubble suppression technique. The device 
studies determined the relation of domain stretching velocity in chevron expanders to 
an in-plane anisotropy resulting from a misorientation of the <111> axis from the 
normal to the film plane. 

The detector optimization studies of Task 6 can be separated into the categories 
of stretcher dynamics (margins), detector output and detector noise. The dependence 
of chevron margins on chevron angle, stack length, period, mobility and geometry 
was determined. Detector output was characterized as a function of its dependence 
on period, stretch length, permalloy-to -garnet spacing, drive field and permalloy 
thickness. Zero and one state noise measurements were performed on one and two 
level detectors. These studies have greatly increased the insight into the operation 
of bubble domain detectors and have resulted in guidelines for optimizing detector 
output. 
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Part of the Task 6 requirement was the design and test of an on-chip bridge. 

The information on the drive field dependence of the detector noise indicated that the 
preferred configuration for an all-permalloy bridge was one with the completion arms 
oriented 90 deg from the active arms. 

A total of 30 different passive replicator configurations were designed and 
tested under Task 7. Several of the new designs are pi’omising in terms of their 
operation at high bias and the insensitivity of their characteristics to garnet-to-permalloy 
spacing. 

The Task 8 effort consisted of (1) memory element design and fabrication, 

(2) memory cell package design and fabrication, and (3) chip-package integration and 
cell test. The 10^ bit chip design selected allowed the evaluation of two potential 
final chip configurations for Item 1; (1) dual passive replicators with off-track 
annihilators to alternate detection between two halves of a split guard rail detector, 
and (2) a single passive replicator feeding a guardrail detector. The package design 
is derived from the commercial Rockwell POS/8 configuration. The package has 
been extensively characterized for its stand-alone properties and for package 
interaction effects. 
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2. TASKl; DESIGN OF IMPROVED BUBBLE COMPOSITION 

2. 1 Introduction 

The objective of this task has beeii ‘J'® data recorders, 

which will have the j’t^^'‘program specify the development of a bubble 

S^p^SSTwhlS provides the foUowmg: ^ ^ 

,1, A temperature coefficient of the characteristic length , gt - t 
which is less than -0.26 pereent/C» over the temperature range of 
-10°c to +60°C. g 

(3) Four micron diameter bubbles, 

(4, Stable device operation which calls tor an estimated room temperature 

quaJaty factor q > 4. 

S?ifS7aSn rfq^IrSents w?ll now be 

considered. 

(1) In selecting materials ^ ^th high NeSTempeStuf^^^ Tn. and low 

taken was to utilize materials with high n p t,,e 

compensation temperatures, Tcomp* ^ ^ 

temperature coefficients of wall energy 


and magnetization 


X 

LTti“ ?ttsr^™^^ 
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Bubble garnets with high values can be obtained by minimizing the h 

amount of substitution for fron. This can be achieved either by | 

employing a rare earth ion with a large moment antiparallel to the major s 

iron sublattice and/or by more efficient diamagnetic substitution on the 
tetrahedral lattice sites. The former was implemented by the incorporation 
of gadolinium onto the dodecahedral sites. However, so small a 

concentration had to be used {so as not to produce a high Tcomp "Which j 

would cause M-p to be positive in the temperature range of interest) that i 

this idea was eventually discarded. Greater tetrahedral site preference | 

by diamagnetic ions results in a amaller total substitution for iron and a | 

higher Tj^, This may be realized by the use of germanium instead of j 

gallium to decrease the magnetization. With the reduction in the fp j 

values of the final candidate compositions, the change from gallium to | 

germanium was not required. 

(2) From the required data rate and bubble diameter, a minimum wall mobility, 

of 120 cm/sec-Oe may be calculated for an average drive field of 4 Oe 
which is typically obtained from device propagation structures. K the fall- 
off of at low temperatures and the peak velocity required in some 
device structures are taken into account, a of about 480 cm/sec-Oe at 
room temperature is probably necessary to meet the data rate requirements. 

(3) From bubble stability considerations it is desirable to have the operating 

bubble diameter, d, approximately equal to eight times the characteristic 
length. For d = 4 |j.m, this leads to f ~ 0. 5 pm. Assuming a wall 
energy o-^r, of ~ 0. 2 ergs/cm^ and using yields a magneti- 

zation, 4 TT M, of 225 gauss. In characterizing bubble films it is more 
appropriate to specify a demagnetized domain width, W (leather than the 
bubble diameter, d, which is a function of applied field and more difficult 
to measure accurately). The stripwidth to be used with a 16 pm period 
device is about 3.5p.i"n. 

(4) Since q = I<u/2 tt M^, where is the uniaxial anisotropy, q is very 
sensitive to Rt Inasmuch as the magnetization of 4 pm bubble material is 
greater than that of 6 pm bubble material, a larger value is required 

to produce the desired q. However, higher Tjq^ materials have small | 

and Mrp values so that from qrj^ = - 2M,p, the q^p should be T 

lower than for G pm bubble materials. The indications are that a room 
temperature value of q > 4 is needed to assure reliable device operation 
with 4 pm bubbles at elevated temperatures. 
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2, 2 Trial Compositions Containing Gadolinum 


The first trial composition for the program was QSmQ^gGdp^^TmQ^^GaQ^gg 

Fe It was selected on the basis of the stable device operation exhibited by 

4. On 12 

Yg 38*^^! 17^®3 83*^12* ^^o^ifications were made, (a) to increase the wall 

mobility, by decreasing the samarium content and, (b) to raise Tj^ by incorpor- 
ating gadolinium, thereby reducing the amount of gallium required to obtain the 
desired magnetization. The thulium was included for lattice matching to the gadolinium 
gallium garnet (GGG) substrate and also to contribute to the growth induced anisotropy. 
The melt composition was designed to place the film in slight tension due to film- 
substrate lattice mismatch and to contain the minimum amount of gallium consistent 
with the desired magnetization. Room temperature characterization of a film from 
tliis first melt is presented in Table 1. Dynamic measurements were made on an 
ion-implanted film. 


TABLE 1. - DOMAIN AND MATERIAL PARAMETERS OF TRIAL COMPOSITION 

^2 . ■ 2^‘^Q . . 95 ^^4 . 05 ^12 

h (thickness) 3. 1 pm f (charactei’istic length) 0.58 pm 

w (stripwidth) 4.5 pm f (-10 to <-60^ C) -1.39c/C 

Hcol (anisotropy field) 1390 Oe 

4 7 T M (magnetization) 225 gauss q (quality factor) 6 . 2 

cr^ (wall energy) 0.24 ergs/cm^ p^ (wail mobility) 370 cm/sec-Oe 

Aa (lattice mismatch) 0. 002A (coercivity) 0.6 Oe 


Tj^ ^eel temperatux'e) 153 . 5° C 


Although many of the measured properties are close to those projected for this compo- 
sition, the f X value was too large and the p^y value less than desired. A compositional 
change was made in an attempt to reduce 2^ raise p \v (at the expense of crw) by 
reducing the samarium content. The second melt composition thus became ^2.22^^^ 
Smo. l 5 Gdo. 40 Tmo. 23 Gao. 9SFe4. 05012. Characterization of an ion-implanteti 
film from this second melt yielded the static properties at room temperature and 
dynamic properties at -10° C presented in Table 2. The reduction in samarium 
content was obviously only partially successful in meeting the material goals. The 2 t 
value was reduced about a third but was still much too large, hi addition, 
were reduced more than expected. On the othei’hand, the -10° C dynamic properties. 
Figure 1, were becoming very attractive for the H-\,y value exceeds the requirements 
for this program. Also the Hq value was appreciably reduced. The sharp turnover, 
attributable to dynamic conversion (Ref 1), is seen not to occur until AH 2 7 Oe and 
V >1300 cm/sec. Additional data on the variation in the bubble diameter with applied 
field are shown inFigure 2. A plot of the bias field required to keep the bubble diameter 
constant with temperature, Figure 3, revealed that the only range in bubble diameter 
stable over the entire temperature interval was 4. 75 ± 0. 2 pm, pven so, the biasing 
magnet would have to be capable of tracking non-monotonically with temperature, ) 



I 



i 

i 
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table 2 . - domain and material parameters of TRIA.L gomposition 

^2. 22®^0. 15*^0, 4o'^"^0. 2S‘^^0. 95^®4, 05°12 


h (thickness) 3.4 p.m 

i (characteristic length) 0. 53 pm 

w (stripwidth) 4. 3 pm 

(-10 to -f60° C) -0. 86%/ G° 

Hcoi (collapse field) 83. 6 Oe 

(anisotropy field) 770 Oe 

4 TT M (magnetization) 195 gauss 

q (quality factor) 3,9 

2 

(wail energy) 0. 16 ergs/cm 

p™ (wall mobility, -10° C) 
800 cm/sec-Oe 

Aa (lattice mismatch) 0. 00 15 A 

(coercivity, -10° G), 0. 1 Oe 

T^ (Neel temperature) 148. 5° G 




Figure 1. Velocity as a Function of Drive Field at -10° G for a 
^2. 22®^0. 15^‘^0. 4o'^”^0. 23°^0. 95^®4. 05^12 


7 




BIAS FIELD, HpCOe) 



UL’UULt l)lAMETtR.dl//ml 


ITig-ire 2. Variation of Bubble Diameter Witli Bias Field foT> 
^2. 22®"^0. 15'^^0.40’^^^0v23^^0, 95^®4. 05°12 
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Figure 3. Bias Field Needed to Maintain Constant Bubble Diameter as 
a Function of Temperature for a 

^2. 22^^^0. 15^^0.40^"^0, ES'^^O. 95^®4. 05°12 
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It was coticliided at that time that the values of j?x might be reduced further by 
gadolinium_contet^t of the films. The nominal composition for the next 


melt we y,_^3Sm„_ 15^0.01°^1.0S^h.S7°x2 


Due to the reduction 


. _ , ^ .1.W w# u I • VfU Urn *J i ±£i 

in gadolinium, it bec^e necessary to increase the gallium content of the film to 
adjust the magnetiza^ and to add a large ion, lanthanum, for lattice constant match- 
ing With the GGG substrate. The samarium content was left unchanged since the 
previous dynamic properties were satisfactory. Room temperature static characteri- 
zanon and -IG C dynamic characterization of an ion-implanted film of this composition 
yielded the properties presented in Table 3. 


TABLE 3. DOMAIN AND MATERIAL PARAMETERS OF TRIAL COMPOSITION 
"^2. 43®^0. 15%. 20%. 15%. 07%. 03^®3. 97°12 


h (thickness) 5.0 [rm 

8. (characteristic length) 0. 44 pm 

w (stripwidth) 4. 28 pm 

8.J. (-10 to +60° C) -0.457c/ C° 

Ileoi (collapse field) 123, 6 Oe 

(anisotropy field) 860 Oe 

4 TT M (magnetization) 223 gauss 

q (quality factor) 3. 9 

0-^, (wall energy) 0. 17 ergs/cm^ 

(coercivity, -10° C) 0. 13 Oe 

Aa (lattice mismatch) -0. 0004A 

(wall mobility, -10° C) 

Tj^ (Neel temperature) 139° C 

820 cm/sec-Oe 

V (critical velocity, -10° C) 
^ 800 em/sec 


These static properties were close to the anticipated values for this composition. The 
dynamic characteristics at -10 C are shown in Figure 4. Tlie critical velocily (V ) 
value IS that for the onset of dynamic conversion (Ref 1). For 150 kHz operation ^ 
with a 4 diameter bubble the average bubble velocity is 240 cm/see. Thus, having 
a ciitical velocity in the vicinity of 1000 cm/sec should ensure that device operation is 
not approaching the dynamic conversion region of the material. In addition, the 
temperature dependence of the characteristic length was half the value of the previous 
composition and sealed well with the change in the gadolinium content. Also the 
^ality factor q at +60 C was 3.2. Figure 5 shows the variation of the diameter of 
bubbles with applied field at different temperatures. The bias field changes with 
temperature (FipreO) needed to keep the bubble dimeter constant requires a biasing 
magnet temperature coefficient of -0. 09 percent/C° which represented a signififan? 
inciease in the stability range. Also this coefficient can be obtained with existing 
commercial permanent magnet materials. ® 



VELOCITY, V(CM/SEC) 


DRIVE FIELD. dH(Oe) 

Figure 4. Velocity as a Function of Drive Field at -10° C for a 
^2. 43®"^0. 15‘^‘^Q. 20'^"^0. OT^^l. Os’^' ®3. 97°12 


BUBBLE DIAMETER. d(// ra) 

Figure 5. Variation of Bubble Diameter with Bias Field fo 
^2. 43®^0. 15^^0. 2o’^™0. IS^^O. 07*^^1. 03^®3. 97^12 
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Figure 6. Bias Field Needed to Maintain Constant Bubble Diameter 
as a Function of Temperature for a 


^2. 43®”^0. 2o’^^0. IS^^O. 07^^1. 03^®3. 97°12 



A fourth variation of the original composition was then prepared. The nomin^ 
composition was IS^^o. 09^^1. 05^®3. 95°12* the ;■ 

gadolinium content was lowered in an attempt to forther reduce f T' a consecyience, :!, 

the gallium content was slightly kltered to adjust for the magnetization change, and the 

yttrium and lanthanum contents were altex’ed to obtain the desired film-substrate 

lattice parameter mismatch. The samarium content was again left unchanged. Room s! 

temperature static characterization and -10*’ C dynamic characterization of an ion- 

implanted film of this composition yielded the properties shown in Table 4. The 

decrease of 6 C° in T]jj from the previous composition was accounted for by the addi- '1 

tional substitution of gallium needed to offset the slight reduction in gadolinium. The 1 

temperature coefficient of the characteristic length was reduced very little by this 

reduction in gadolinium. Of particular note was the fact that the mobility had decreased 

in this composition. In addition, the quality factor, q, was xneasured at +60° C to be 

2. 7. The sharper decrease in q from room temperature to +60° C exhibited by this is 

composition (1. 7 compared to 0. 7 with the previous composition) and the lower wall ri 

mobility indicated that fui’thex’ reduction in the gadolinium content was unwarranted, h 
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TABLE 4. - DOMAIN AND MATERIAL PARAMETERS OF TRIAL COMPOSITION 


Y„ .oSm„ HcGda 

2,46 0.15 0.15 0.15 0.09 1.05 3. 


95*^12 


h (thickness) 4,7 [j.m 
w (stripwidth) 4.4 (j.m 

(collapse field) 107. 0 Oe 
4^M (magnetization) 203 gauss 

2 

0 -^ (wall energy) 0. 16 ergs/cm 

Q 

Aa (lattice mismatch) -0. OOIA 
Tj^ (Neel temperature) 133° C 


2 (characteristic length) 0. 47 i^m 
jg^ (-10 to +60° C) -0.41%/C° 

H (anisotropy field) 890 Oe 

9 . 

q (quality factor) 4. 4 

H (coercivity, -10° C)0.27 0e 
c 

(wall mobility, -10° C) 

740 cm/sec-Oe 

V (critical velocity, -10° C) 
^950 cm/sec 


2. 3 Comparison of Compositions from Item 1 


Ih order to relate the properties of the gadolinium-containing compositions to 
the parameters exhibited by the compositions utilized under Item 1, material 
characterization was performed on the two Item 1 compositions and the last trial 
composition at -10, 25, and 60° C, These results are presented inTable 5 , It can be 
seen that all of these gallium-substituted garnets have fx values slightly in excess of 
the objective of -0. 25 percent/C°. Data on the temperature variation of the bubble 
stability range and the bias field needed to maintain a constant bubble diameter are 
also shown in Figures 7 through 9, The stability range data shows that operation at a 
constant midrange diameter is possible over the entire temperature interval without 
danger of close approach to collapse or run-out at the extremes of -10° G and +60 C, 
For both Item 1 materials, the temperature coefficient of the oias field needed to 
maintain a constant diameter (Ht) over this range is - 0,25 percent/C°, This value 
of H«p can be realized with commercially available permanent magnet materials. 
Therefore, stable device operation can be achieved over the -10 +60° C temperature 

range with these materials even though their fi-j- values are in the rauge of -0, 3 to 
-0,4 percent/ C°. Considerations of such data led to the conclusion that the 2j. goal 
of -0, 25 percent/C° was more stringent than required, and a f t of -0.4 percent/C° 
would be sufficient. Dynamic characterization was carried out on ion-implanted films. 

2, 4 Trial Composition Not Containing Gadolinium 

Another gallium- substituted garnet, related to the samarium composition of 
Item 1, was the next trial composition. The new formulation contained less samarium 
than the Item 1 composition, but contained no gadolinium. The absence of the large 
gadolinium ion required that another large ion (e. g. - lanthanum) be incorporated for 
lattice matching mth the GGG substrate. The nominal composition based on melt for- 
mulation and growth conditions was Y 2 . 69 Smo. 20 Lao, llGai.i3Fe3.870l2- Room 
temperature static characterization and -10° C dynamic characterization of an ion- 
implanted film of this composition yielded the properties shown in Table 6. 
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TABLE 0 -DORIAM AND MATERIAL PARAMETERS OF THREE COMPOSITION 

AT -10, 25, AND 60° C 


Item 1 Sm Composition: 

^'’’0.38^^1.17 

Feg 03O12 (h 

Tempi*’ C) 

H,ol 


W(iJ,ml ‘ 

10 

119.5 

93.0 

4.9 

25 

114,7 

93.0 

4.5 

GO 

105,2 

85.4 

4,3 

Item 1 Eu Composition: ^2 m 

EU(j0oTmo3o 

^®1.15''^3.80‘ 

-10 

135.9 

106.0 

5.0 

25 

130.0 

104.0 

4.7 

60 

117.8 

93.3 

4.5 

Item 2 Composition: Y2 ;^0Sm 

o.ib'^'^o.ib’^"' 

'0.15'-®D.09'^^ 

-10 

B7.7 

69.3 

6.2 

25 

90.8 

74.0 

5.3 

60 

87.5 

73.9 

4,6 


= 4.6 iJ.m) 

TTlVilgauss) 

,{ergs/cm^) 

5((im) 

|jL^{cm/sBC-OB) 

247 

0.28 

0.57 

180 

225 

0.20 

0.50 

200 

201 

0.15 

0.47 

300 

.|2 (h = 5.0 p.m) 

270 

0.34 

0.56 

220 

248 

0.25 

0.51 

GOO 

220 

0.18 

0.48 

1100 

.05‘^®3.95°12 " 

201 

5.0 [j.m) 
0.24 

0.76 

320 

188 

0.17 

0.61 

440 

166 

0.11 

0.49 

650 


Tho average values of ij and Hj. and bubble diameter variation over this temperature range are: 
Composition 






item 1 Sm 
Item t Eu 
Item 2 


Q.3 

0.3B 

0.41 


0.29 

G.22 

D.1Q 


d(]jLm) 


3.75 ± 0.75 
5.0 ± l.O 
4.5 ± O.B 



BUBBLE DIAMETER, d( /i m) BUBBLE DIAMETER, d( H m) 


RUNOUT 



U5* '•3.85 ''12 


TEMPERATURE rC) 

Figure 7. Temperature Dependence of Bubble Diameter at 
Runout and Collapse Yg 38^^1 17^®3 87^12 

^2. lO^'^O. GO'^^^O. 30‘^^1. 15^®3. 85^^12 
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(Original Melt) 


h (thickaess) 4. 4 jj.m 

V/ ( itrjpwidth) 3 . 9 H-m 

H , (collapse field) 108. 5 Oe 
col 

4TrM(magnetizatioa) 200 gauss 
^ (wall energy) 0,13 ergs/cm 
Aa (lattice mismatch) 0. 002A 

O rs 

T (Neel temperature) 122. 5 C 


e (characteristic length) 0.41 n-in 

(-10 to +60° C) -0.44%/C° 

(anisotropy field) 820 Oe 

q (cjuality factor) 4.1 

(wall mobility, -10° C) 

480 cm/sec-Oe 

(coercivity, -10° C) 0. 4 Oe 

V (critical velocity, -10 C) 
PglSO cm/sec at 10. 1 Oe 


These static properties 

r Sr this iii. than .as 

containing samples, sUog 



4 5 6 7 ® 

drive FIELD. 4H(Oe) 


U 12 


Figure 10. Velocity as a o°*'*Fflm 

V2,;gStn„2o‘'\.U°‘‘l. 13^^3.87 12 



intended from the melt formulation and growth conditions. That would also account for 
the small observed lattice mismatch even though the gallium content was slightly high. 
Figures 11 and 12 show the bubble diameter variation v.dth temperature and the bias 
field coefficient needed to keep the bubble diameter constant over this range of temper- 
atures (Ht ^ -0.18 percent/ C°). 

In order to reduce the samai’ium content of films from tliis melt, a 10 percent 
addition of both yttrium and lanthanum was made to the melt. Room temperature 
static characterization and -10° C dynamic characterization ux an ion-implanted tilm 
then revealed the properties presented in Table 7. These properties are quite 
attractive for meeting program goals so that this trial composition was made a candi- 
date for Task 4. 

Since the damping of wall motion due to europium is only about one-sixth that of 
samarium, the control of the concentration of europium in a film need not be so criti- 
cal in preparing a large number of films with matched properties. Consequently, a 
europium composition, y 2 . 5 Euo. 5 Gax. 07^63. 93012 . was prepared. It exhibited the 
room temperature properties presented in Table 8. Dynamic characterization was 
carried out on an ion-implanted film, bi addition to the very good f T. the values of q 
and pw were very desirable. Also the lattice matching to the substrate was achieved 
without the addition of another large ion so that this composition contained only four 
cations. The properties of this trial composition are also quite attractive so that it 
too was made a candidate for Task 4. 



Figure 11 


Variation of Bubble Diameter with Bias Field for a 
^2. G9®"^0. 20^'^0. ll^'^l. 13^®3. 87°12 
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120 



Figure 12. Bias Field Needed to Maintain Constant Bubble Diameter 
as a Function of Temperature Jor a 

^ 2 . 69 ®’^ 0 . 20^^0 




TABLE 7. - DOMAIN AND MATERIAL PARAMETERS OF TRIAL COMPOSITION 
^2. 69®”^0. 20 ^^0. 13^®3. 87^12 


(Melt Modified with Increased Yttrium and Lanthanum) 


h (thickness) 4.8 pm 

fi (characteristic length) 0.42 pm 

w (stripwidth) 4. 1 pm 

(-10 to +60° C) -0.36VC° 

2 Oe 

H (anisotropy field) 820 Oe 

3r 

4 Ti M (magnetization) 204 gauss 

q (quality factor) 4.0 

0 -^ (wall energy) 0. 14 ergs/cm^ 

(wall mobility) 1040 cm/sec-Oe 

Tj^ (Neel temperature) 122.0*^ C 

H (coercivity) 0. 2 Oe 
c 
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h (thickness) 4.0 pm 

£ (characteristic length) 0.45 pm 

(-10 to +60° C) -0.287c/C° 

w (stripwidth) 4. 0 pm 

H (collapse field) 113 Oe 

col 

4 TT M (magnetization) 223 gauss 

(anisotropy field) 1077 Oe 

q (quality factor) 4.8 

(T (wall energy) 0. 18 ergs/cm 

u (wall mobility) 2270 cm/sec-Oe 
f"w 

Vi 

Aa (lattice mismatch) 0.0047A 
(Neel temperature) 130.8 C 

H (coercivity) 0. 2 Oe 
c 


2.5 Candidate Compositions 


. ..e. o. an .0 

7;‘ ^ o '' lolpoau si of these co™paslt;oas were gro« to he 

^ ^ 2 . 81 12 . . e 9 nf the six films, two were ion-implanted to 

evaluated under Task 4 of Item . structures with a suppression layer 

suppress hard bubbles, two were structures with a suppression 

grown below the Funding did not permit the preparation and 

layer grown on top of the bubble film. sU-ipwidtlis of the layered films were 

evaluation of triple layer «‘”%f“%^“tsiiei ^ w»l' «« 

adjusted by anneall^ in "" testing, all the films were fully 

S^irer-ciiaieS are presented in Tables 9 through 12. 

The fr values shown leiperiture changes over 

films exhibit /'’“'’vrsifo caping these films further improves this 

a wide range of temperatures ^ instead of the double layer 

stability. >" 'act. the use of a S„, 2 „I.a„_ „Ga^_ i3Fe3_g,Oj2 

allows these values to be even lower. „«'*-/lce„,/CO has consistently been 

triple layer structure, «T 'lata , 'f " “'laveron the stripwidth (see Task 3) 

measured. Perhaps the cfteed slHpwidth with temperature. This 

rirhcd “ainst the additional processing complexity 

involved in growth of a third layei. 
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TABLE 9. - STATIC DOMAIN AND MATERIAL PARAMETERS OF 
■CANDIDATE COMPOSITION gEu^^ gg0^2 



W(fJim) 

h(|j.m) 

«col 

(T^^largs/cm^) 

4TrM(gauss) 

^(|Jtm) 

£y(%C‘’) 

Implant 1 

4.1 

3.4 

95,6 

0.18 

212 

0.49 

0.39 

Implant 2 

3.9 

3.7 

107,0 

0.17 

220 

0.45 

- 

Top Cap 1 

4.1 

3.2 

107.7 

0.25 

250 

0.51 

0.24 

Top Cap 2 

4.1 

3.3 

109.3 

0.25 

249 

0.51 

- 

Bottom Cap 1 

4.1 

3.7 

111.5 

0.22 

237 

0.49 

0.34 

Bottom Cap 2 

3.9 

3.9 

109.3 

0.19 

237 

0.45 

" 


TABLE 10. - WALL MOBILITY VALUES OVER THE TEMPERATURE RANGE 
FOR CANDIDATE COMPOSITION Y^ gEu^ ^Ga^ ^^Feg ggO^g 


Temperature 

-10°C 

+25°C 

-t-OO^C 

Implant No. 1 

610 cm/sBE-Oe 

1000 cm/sBc-Oe 

1430 cm/sBC-Oe 

Top Cap No. 

1400 

1700 

3250 

Bottom Cap No. 1 

1380 

1470 

1890 


TABLE 11. - STATIC DOMAIN AND MATERIAL PARAMETERS OF CANDIDATE 
COMPOSITION Yg^ ggSniQ^ g^La^^ ^^Ga^^ ^gFSg^ g^0^2 



W(|jLm) 

h([J.m) 


(r,^(ergs/cm^} 

4TrWHgauss) 


ij{%lC°) 

Implant 1 

3.6 

3.1 

102.9 

0.18 

227 

0.43 


Implant 2 

3.7 

3.3 

109.8 

0.19 

233 

0.43 

0.16 

Top Cap 1 

4.0 

3.3 

119.0 

0.27 

267 

0.49 

-- 

Top Cap 2 

4.0 

3.3 

118.3 

0.27 

265 

0.49 

0.14 

Bottom Cap 1 

3.9 

3.3 

120.6 

0.26 

266 

0.47 

-- 

Bottom Cap 2 

4.1 

3.8 

121.0 

0.24 

251 

0.48 

0.13 


TABLE 12. - WALL MOBILITY VALUES OVER THE TEMPERATURE RANGE 
FOR CANDIDATE COMPOSITION ggSm^^ ggLa^^ ^^Ga^^ 13^^3.87^12 


Temperature 

i0°C 

■f25°C 

+60°C 

Implant No. 2 

750 cm/sec-Oe 

800 cm/sBc-Oe 

800 cm/sec-Oe 

Bottom Cap No. 2 

850 

- 

750 

Top Cap No. 2 

1400 

1000 

750 
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Also o£ note is the strMge SS1o‘be, Table 12, 

h. 69®™0. 20^^0. ll°“l. 13 „°3. the bottom and top capped Mms Th^e^ 
ower than the values at -10 C, field region between -Sand -8 Oe. 

Viilit-v values were measured m the dri correspondence to realistic 

"fasurUert«remade,vlthln this iSted in Table 13 does 

ivive fields used in device operation. The . difference between the initial 

.ot show this anomolons g^trs oe drive is probably due to the oocurrence 

o“«y Sid eaects at the higher drive fields. 


TABLE 13. - INITIAL MOBILITY VALUES FOR 

,13^®3.87‘-’i2 


,69®"‘‘o.20^^0 


11 ^^. 





Film 

u (-10° C) cm/sec-Oe 
>^w 

n (+60° C) cm/sec-Oe 
''^W ^ 

Bottom Cap No. 2 

1000 

1500 

Top Cap No, 2 

1400 

1500 j 



. rfiraiirement initially set, the 


,y evaluation of these ilms t- - --- ^rea^h composition) we., h. 
rcuLts. Consequently these 12 i. reported in Section 5. 

jvice fabrication. The results of this testing 


mance m 
forwarded for 
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.3. TASK 3i HARD BUBBLE SUPPRESSION TECHNIQUES 


3. 1 Introduction 

A determination of the collapse fields for bubbles in films of garnet compositions 
shows the existence of a range of values. The low collapse field value is associated 
with normal bubbles while the higher collapse field values are attributed to hard 
bubbles. A well-known property of hard bubbles is their tendency to propagate at 
velocities much below the values exhibited by normal bubbles. Characteristics of this 
nature malce the suppression of hard bubbles mandatory in order to obtain reliable 
device operation at frequencies corresponding to 1. 5x10^ bps in a continuous mode 
over the temperature range of -10 to +60°C. 

At the start of this program, five hard bubble suppression techniques had been 
utilized. Pour of those methods involve the deposition of an additional (suppression) 
layer (Refs 2, 3, 4) while the fifth involves ion-implantation into the upper region of 
the bubble film (Ref G) .. Three of the four multi-layer techniques use garnets for the 
second layer while the remaining one consists of a thin permalloy layer on the bubble 
garnet (Ref 2) . All of these techniques have been shown to suppress hard bubble 
generation at room temperature. However, problems with certain of the methods are 
evident from device data and variable temperature considerations. One of the 180 deg 
domain cap techniques (Ref 3) is of dubious value because of spurious bubble nucleation 
problems while the other 180 deg domain cap technique (Ref 3} suffers from a very 
limited temperature range of operation. Serious problems with the other techniques 
were not immediately obvious at the start of this program, Consequentiy, the techni- 
ques of hard bubbie suppression that were investigated included ion-implantation, the 
Roclcwell Type HI 90 deg cap, and the use of a permalloy layer. All of these techniques 
were studied not only in terms of their effectiveness in suppressing hard bubbles but 
also in terms of their temperature range of applicability. In the course of this work 
evidence was obtained which indicates that some of the techniques offer greater 
resistance to dynamic conversion than others. 


3.2 Hard Bubble Suppression Techniques 

Permalloy layer. - A hard bubble suppression technique which utilizes a thin 
permalloy layer has been reported by Lin and Keefe (Ref 2). This technique pre- 
sumably works in the same manner as the T 5 T>e III layer reported by Henry, et al 
(Ref 4), but could represent a considerable cost savings compared to either layering 
with another garnet composition or ion-implanting the bubble film. Prior to the 
initiation of this program, workers in this laboratory made a cursory examination of 
the effect of a 20oA permalloy layer on the dynamic properties of 
Y„ , ,Eu- c^Tm- onGa-i The bubble velocity data was taken using the 

Vella-Coleiro method (Ref 6) without the bias field correcting ramp. The data 
(Figure 13) showed that although the wall mobility appears to be unaffected by the 
permalloy layer, the threshold field for initiation of bubbie motion has increased 
from 0.4 to 3. 0 Oe. This experiment was repeated on this program using a film of 

^1.57®“o.78^'"o.85°’*1.05''®3.95"l2- results of thio study (Figured,. 
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Figure 13. Velocity as a i- unction of Drive Field for 

^2. 14^%. 5g'^”^ 0. 1^®3. 9^12 'vith 

a 20 oA Permalloy Suppression Layer 
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Figure 14. Velocity as a Function of Drive Field for a 

1.57^% 78^'”0.65^''l. 05^^3.95^12 
a 200A Permalloy Suppression Layer 


confirm that the threshold field has been significantly increased, in this case from 0. 5 
to 1.0 Oe, by the addition of the 200A permalloy layer. Although bubble behavior was 
essentially isotropic in the garnet, gross inhomogeneities appear to have been intro- 
duced into the film by the addition of the permalloy layer. Regions could be found 
where bubbles translated in one direction with low drive fields but required nearly 
twice as great threshold fields for motion in the opposite direction. The total signi- 
ficance of this increase in threshold field can only be understood when one remembers 
that dynamic conversion (Ref 1) can limit the useful velocity of a bubble. The critical 
velocity, Vp, is related to the maximum useful drive field, H , by 


^ w 

^p = -T-%-«t> 


where is the wall mobility and H|. is the threshold field. If Hj. is increased by layering 
with permalloy while Vp, and H_ (all garnet film properties) remain constant, in an 
extreme case it is possible to obtain a situation where Ht>Hp. As a result, a bubble 
can only move in the dynamically converted state. Even if this extreme is not reached, 
it is still undesirable to cut down the operation region of the drive field (Hp >H >Hf). 

To ascertain if this increase is a function of permalloy film thicloiess, the^200A film 
was removed from the garnet film and a lOOA film of permalloy was deposited. 
Unfortunately, the lOOA layer did not suppress hard bubbles. From these preliminary 
experiments, the conclusion was drawn that for applications in which the threshold 
drive field is important, the permalloy hard bubble suppression technique should not 
be employed until the cause of the high coercivity variation is identified and eliminated. 

Ion-implantation. - At the present time, ion-implantation is the standard technique 
for hard bubble suppression. We have shown that suppression by ion-implantation is tem- 
perature dependent. It may disappear at low temperature if the dosage is too small (Ref 4) 
or at high temperature if the implant depth is too shallow (unpublished data of P.J. Besser). 
However, under proper conditions ion implantation effectively suppresses hard bubbles 
over the temperature range of interest. In addition to verifying that ion- implantation 
did indeed result in hard bubble suppression over the temperature range of interest for 
the compositions studied under Items 1 and 2, ion-implantation was investigated with the 
purpose of determining the dependence of suppression on the orientation between the 
ion beam and the crystallographic axes of the film. The technique was also investi- 
gated to determine the uniformity achieved in the dynamic properties over the surface 
of the films. 


In an attempt to determine if channeling is occurring during ion-implantation for 
hard bubble suppression, the following e.xperiment was performed. Eight (111 ) 
samples cut from the same film were oriented 0, 15, 30, 45, 75, 90, 105, and 120 deg 
from an arbitrary direction in the plane. These samples were then implanted with 
neon ions at 2xl0l'l ions/cm^ (80 KeV), five degrees from normal. The bubble collapse 
field was then measured for each of the samples. For significant channeling, one 
might expect the collapse field to vary with the degree of channeling and hence the 
orientation angle. Within experimental uncertainties, it was found that all the films 
exhibited the same collapse field after implantation; hence it appears that channeling 
during implantation does not occur. 
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While conducting these investigations, It was discovered that the LPE garnet 
films under study were covered by a thin red film. This red film is believed to be 
formed from a closed-volume LPE growth when the waferisremovedfi’omthemelt, and 
as^ such, might be characteristic of this tjrpe of growth process. The composition of 
this film has tentatively been identified as a high lead-content garnet and consequently 
it is difficult to remove. Evidence has been obtained that this red post-growth film is 
reponsible for some of the problems in the dynamic response of bubble domains to 
drive fields. A local coercivity variation has been observed in ion-implanted films. 

It is hypothesized that ion-implantation into and/or through the extraneous film results 
in local inhomogeneities which are reflected in the coercivity variations. In addition, 
the pink film might be responsible for the coercivity variations found with permalloy * 
layering. Growth of films without this post-growth layer might then allow the permalloy 
suppression technique to be used. 


The following conclusions can be drawn from these experiments and the 
characterized results on the candidate compositions presented in Para 2. 5, Ion- 
implantation is a practical method for hard bubble suppression over the temperature 
range of interest (-10°C to +60°C). The currently occurring local coercivity variations 
are not important for data rates in the range of 1. 5xlo5 bps. Hoivever, if a device is 
to be operated at velocities approaching the material critical fields, then either these 
local coercivity variations will have to be removed, or another method must be found 
to suppress hard bubbles. 


Type III layers. - The Rockwell Type III hard bubble suppression layer was first 
described by Henry, et al (Ref 4). The method consists of producing a 90 deg capping 
layer by grow-ing a ggGdp^ 35^®5°12 GGG substrate followed by 


the oyergroMh of the bubble film, or by growing a thin layer of YGdIG overthe bubble 
domain film. The growth-induced anisotropy in this composition is small and the easy 
axis IS in or nearly in the plane of the film. In addition, the suppressing layer is 
grown in compression on GGG (or the bubble domain film). Since the magnetostriction 
constant of YGdIG is negative, the stress-induced anisotropy and the demagnetizing 
field of the film also tend to force the magnetization into the film plane, producing the 
90 deg capping layer. ® 


Tae mitial study of the Type III layer addressed the static changes intro- 
duced by the aaditional layer. For this work, a YGdIG cap was used with the 
gallium-substituted film 83^12. ■ the variation 

bubble parameters as a function of the suppression layer thickness revealed 
that both the collapse field and the demagnetized domain stripwndth increased with the 
ayei thickness (Figure 15). For a layer 0. 5 |am thick, there was a 50 percent increase 
m the stripwidth and a corresponding increase in the bubble stripout and collapse 
dianieterc. The stripwidth is a linear function of the layer thickness. Static charac- 
terization is unable to determine the optimum thickness of the YGdIG to use for hard 
bubble suppression. One must wait for detailed device propagation studies to determine 
this dimension. However, with a capping film layer as thin as 0.09pm, there is 
suppression. Films 0,2pm or greater in thickness suppress hard bubbles, but planar 
domain walls form within this layer which attract bubbles. Thus, the Type III suppres- 
sion liiyer should be less than 0.2pm in thickness. These capped films were tested for 
hard bubble suppression at -10°C, and+G0“C, as well as room temperature. In all cases 
the YGdIG layer suppressed the formation of hard bubbles. 


25 



1 ^ 


AJ- ■ 


L>' 



Figure 15. Stripwidth Variation in 62^”'o. SS*^^!. 17^®3. 83° 12 
With Capping Film Thickness 


WpleMtas!"™ 

was broken into a number of sections. i nese 


15^”^0. 15 ^^ 0 . 09°^1. 05^®3. 95 results indicate that annealing 

sections were annealed at ® ^ oxveen anneal of an as-grown bubble film. 
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A ohed. was made to determiae whether the extra f Wff f 
process repeated. As evident inFigure .^he addi^^^ ^ deduction 
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The remaining effort on this study was devoted to a comparison of the dynamic 
properties of bubbles in films which have a Type III hard bubble suppression layer and 
those which have been ion-implanted. Three variations of the Type HI suppression 
technique were studied, viz: ( 1 ) a suppression layer between the bubble film and the 
substrate, ( 2 ) a suppression layer above the bubble film, and ( 3 ) a suppression layer 
above and below the bubble film (triple layer). In the two double layer samples, as 
well as in the ion-implanted films, the velocity versus drive field characteristic of 
bubble domains shows a pronounced nonlinearity or saturation effect which has been 
attributed to "dynamic conversion" by other investigators. Tlje saturation effect in 
gallium-substituted garnets typically has its onset at a velocity of ~ 2 , 000 cm/sec. 

This is approximately the value of the theoretical critical velocity. No such saturation 
is observed in the triple layer films at velocities up to- 5, 000 cm/sec (Figure 17) on a 
film of composition Y2.40Smo. igCdg. xsLao. OOGai, 95 O 12 . Consequently 

the preliminary conclusion is that this triple layer hard bubble suppression technique may 
also be effective in supporessing velocity saturation. *This would be extremely signifi- 
cant since such saturation or "conversion" has been one of the major obstacles to high 
frequency bubble domain device operation. It should be mentioned that further studies 
of the dynamic conversion suppression using double layers were carried out on company 
funds. These studies gave a preliminary indication that the double layer structure can 
have the same suppression effect as the triple layer provided the bias field is applied 
with the correct choice of polarity. The use of the incorrect polarity did not seem to 
prevent dynamic conversion. The type of wall structure which must be present (on the 
capped films) to allow this dependence on bias field polarity is not yet understood and 
is still being investigated. 



DRIVE FIELD, .IHtOc) 


Figure 17. Velocity as a Function of Drive Field for 
"5f2.46pdo. igSnio. isTmo. isLaQ, OD^ai. 950 i 2 (Ion-implanted, Top 

Suppression Layere d, Bottom Suppression Layered, and Triple Layered Films) 
See note added in proof, page 55 . 
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3.3 Conclusions 

The studies conducted under this task have shown that the Type lU multilayer 
suppression technique is sufficiently promising so that it should be included, along 
with ion-implantation, in the device evaluation of Task 4. Samples of the candidate ^ 
compositions were prepared both with Type HI suppression layers and with ion . 
implantation as the suppression technique. These films were statically and dynamically 
characterized (data included under Para 2. 5). The device data on these samples is 
reported in Section 5. 
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4. TASK 2; LAEGE AREA FILM GROWTH 


4. 1 Introduction 

The objective of this task was to develop techniques for the LPE growth of films 
on substrates greater than 1, 25 in. in diameter. As a result of our cost/yield 
analysis for large capacity elements, 1.5 in, diameter wafers were selected for this 
work. In addition, it was decided to evaluate the feasibRily of changing the substrate 
thiclmess from the standard 0, 020 in. to 0, 012 in, since this would further reduce the 
garnet material contribution to the cost of the memory element. As a control sample, 
a group of 1 in. diameter, 0.020 in. and 0.010 in. thick GGG substrates were processed 
a ong with the 1. 5 in, diameter material. The results reported here were obtained in 
the interval 18 Feb 1974 to 18 May 1974 and are representative of the processing 
techniques used at that time. 


4. 2 Substrate Processing 

Thirty two 1.5 in. diameter, 0.029 in. thick, GGG slices, were purchased in as- 
cut form and were committed to the substrate processing procedure. The 32 slices were 
separated into two groups of 10 each, since this is the maximum capacity of our double 
face lapping equipment for this diameter substrate. The first group was lapped with 9um 
AfgOs abrasive, down to a thickness of 0.023 in. This is to remove wafer sawing 
damage and to provide flat parallel surfaces for the subsequent polishing procedure. 

The second set of 16 was lapped down to 0. 017 in. thick. To obtain 0.010 in. to 0.012 in. 
finished wafers by the standard process, the starting slices would be 0.020 in, thick to 
result in a material cost savings of approximately 30 percent. 

Twelve wafers of each thickness were wax mounted on two 9 in. diameter polishing 
plates, which are used on our 24 in. Speedfam polishing machines. Twelve 1. 5 in, 
diameter substrates are the maximum capacity of these plates for the mounting con- 
figuration we use. The initial polishing pressure was 6.4 psi, which is the pressure 
normally used for processing 1 in. diameter substrates. Under this pressure 
excessive polishing plate temperatures occurred in both the 9 in. diameter top plate 
holding the substrates and the 24 in. plate which holds the polishing cloth. Excessive 
temperatures can result in mounting wax softening and loss of samples. Subsequent 
polishing of the 1. 5 in. diameter material was done at a loading pressuie of 2. 3 psi. 

The polishing media for the final polishing .vas Syton* HT. The wafers were polished 
to a thicloiess 0. 020 m. on the first plate and 0.012 in. on the second plate. Both 
sides of each wafer were polished with the material removal being equal on both sides. 
The second polished surface was designated the "epi" surface on which the device 
qu^ity film was to be grown. Table 14 shows the processing steps and gives yields 
and causes for processing losses. 

1 in. diameter x 0,017 in. thick GGG substrates were cut from a boule 
tor the thin 1 in. diameter substrates, Tliese were lapped to a thicloiess of 0, 0145 in 
Md were pmcessed in the same manner as the 1.5 in. diameter material to a final 
thickness of 0.010 in. M all cases the final hour of polishing was done at a substrate 
loading of 0. 82 psi. For the 1 in. material 20 substrates were processed since this is 
the capacity of each polishing plate for that diameter. 


GGG wafers for the 1 in. diameter xO. 020 in. thick portion of the effort 
from our standard inventory of substrate material. 


were obtained 


A summary of the process yields for the 1 in. wafers is shown in Table 15. 
*A product of the Monsanto Corporation, 
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to be caused bv ^ process step are shown in Table 14 and 15 

planetaiy action lapping macSe is^se^Slowii?^ double faced 

The compressibility of the airin tL lowered by a pneumatic cylinder. 

mechanical action of the plate -caused Tsnorad?rOn^^^ • perfect guide rail 

substrate brealcage by impactinff thp caused 

the problem. mstalled on this eqmpment and this has eliminated 


eau= 2^5 flow reatriotion, in Table 14 was 

system. TUs caused heatma of ffie nolisMna”rf^^ 7^''t “ Suavity feed 

the wax used to hold the subftrate. GreatS^cLe in fl?sW fT ^d thus softened 
betweai nms, valve reolacemenf- tn ^ ^ 4 .® the delivery astern 

of tie were all actions taken to avoid Ids as” Sir pLh£i? 


4, 3 Garnet Film Growth 
in thei“^?„fsiS^Taf&wTraiS 

Strip domain widths w of 4 mto two groups having nominal 

films with a w of 6. 5 um after the film*? maki^ a slight Ga addition to obtain the 
composition was selecStrthe lam^ aref LP? 
the two candidate materials for the taWal tti f worit 

a FC2VHEfo\“ZiriSoT2^w* weight ratio with 

yttrWoxides.’* A melt solute ciomti2i^?lo „ 'f =“<1 

volume was approximatelv 5=50 mi ar. i ^ mole percent was used. The melt 

Figure 18 tsZS^rS ^ sS^LPE l«onri™ 1 ^ 

furnaces have their o\vn ^ laboratory. Each pair of 

area. Also shown are the raisina and provide a clean loading and unload 

rotational motion during growth ^d which also provide 

substrate holder used for^ single or double ^ platinum 

horizontal position with axial rotation and S^o'vth. TMs holder is used in the 
1. 5 in and 2 in. diameter substraf^ic rotation reyersal. Figure 20 shows 1 in. , 

methods. 45 growtS ™s L^e Se ^1 ST ’ 

growth temperature of 913“0,Tldoh wii llfcT 'J'l?'''’ 

temperature. Film growth rafp<? nf ~ (f k , S supersaturation 

All films were grown in the horizontal above conditions, 

and with the direction of the rotation reLs'^^^^eJ'eTohZe re^SoT 
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Figure 20. 1.0, 1.5 and 2.0 in. Diameter 

GGG Substrates and Bubble Domain Garnet Films 

Twelve of the grovrt^e 

tsZTe (Ref 7)° suggested Jio 

dia substrates ^vith a thickness on order of material. 

our first experience Sjriites ‘afttr gr^%vth with a razor blade, (required 

The technique of separating the substrates) worked very well with the 

because of the mdt flux which^gets no breakage or film loss caused by the 

larger diameter thinner material. Th , wprp attributable to the thinner sub- 

to be the single most important aspect of the thm samples. 

Tables 14 15 

^;4“cLToir^esef Ve^l in. 

yield bit no lapping-polishing ^ In. samples 

llnb bed substrate Invento^. Jhe , are both substrate and fOm 

was film defect density and not handli^. thinner material. This is also true 

forfhe irnllst. ‘’s^^iel^ThtWer starting sample sire lor the 1 in. dia 
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the abQlty to pmcese without break^e If step 

f“’’^"t™u1nt?’''FoTthe S°Ci" to polishiug operation cannot result in 

iis=';=i“ssss=^^^^ 

substrate as would appear by first glance. 


Processing the larger 1. 5 in, 
not a processing problem and will, 
device films. 


diameter and/or thinner (0.010 in. ) materi^ is 
in fact, provide increased cost saving for bubble 


TABLE 14. -SUMMARY OF GARKFT PROCESSING YIELD FOR 
1.5 IN. DIAMETER SUBSTRATES 


Process Step 

Finished Wafer Thickness 

0. 

020 in. 


0. 

012 in. 


Started 

Out 

% Yield 

Started 

Out 

% Yield 

Lapping 

16 

14(1) 

87,5 

16 

13(2) 

81.2 

Polishing 

12 

11(3) 

91.7 

12 

12 

100,0 

Chemical Etch 

11 

11 

100.0 

12 

10(4) 

83.3 

Film Growth-Characterization 

11 

7(5) 

63.6 

10 

6(6) 

60, 0 

(Cumulative Yield) 



51% 



40.6% 


Notes: 

1, Malfunction pneumatic lift on lapping machine 

2, Malfunction pneumatic lift on lapping machine 

3. Syton flow restriction-heating-1 substrate came off of polishing plate 

4. Thermal shock HgPO^ etch. 

5. See Table 16. 

6, See Table 16. 
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TABLE 15. -SUMMARY OF GARNET PROCESSING YIELD FOR 
1 IN. DIAMETER SUBSTRATES 


Process Step 

Finished Wafer Thiclmess 

0. 020 M. 

0.010 hi. 

Started 

Out 

% Yield 

Started 

Out 

% Yield 

Lapping 

Polishing 

Chemical Etching 

Film Growth and Characterization 

(Cumulative Yield) 

KTofoc ♦ 

20 

19 

20 

19^2) 

16(3) 

95.0 

84.2 

80.0% 

20 

19 

19 

19 

19^ 

19 

19 

14(4) 

95 

100 

100 

74 

70. 0%i 


1. Malfunctioning pneumatic lift on lapping machine. 

2. Thermal shock H^PO^ etch. 

3. See Table 16. 

4. See Table 16. 


TABLE 16. SUMM^Y OF FILM GROWTH AND CHARACTERIZATION YIELD 
(45 GROWTH RUNS WITH 57 SUBSTRATES) 

/0>t 1 TK'f ncx <f ^ 


Cause of Loss 

Number Lost Related to Substrate Size and Thiclmess 

lln. 

Dia 

1. 5 In. Dia 

0. 020 in. 

0.010 in. 

0. 020 in. 

0. 012 in. 

Handling 

0 

1 

1 

1 

High Defect Density (>10/cm^ 

') 3 

4 

1 

3 

Post Growth Cleaning(^) 

0 

0 

1 

0 

Lost (3) 

0 

0 

1 

0 


( 1 ) 

( 2 ) 


Post deposition cleaning involves a scrubbing operation 
contamination caused scratching of this sample. 

Film misplaced - not found. 


- at this step 
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5. 


TASK 4. 


- DEVICE EVALUATION OF CANDIDATE MATERIALS AND 
hard bubble SUPPRESSION TECHNIQUES 


Table 17 along with their material parameters. 

Notice that the demagnetized domain stripwidth, W., lies in the range of 3.6 to 
w ‘‘'TaS/deVlce showa that the desirable ratio 

artworit/mask M^atioa and pro- 

"“°p\es^Uhls\al''TturumVtt7as^^^^^^ 

width to period. 

It was originally planned to use the partially populated lO^ ^it device 
But since a good mask of the lo4 bit device was not made available in time, Tas 

“?oc:L!nTo»heir^Serwm^^ 

m was 


5. 1 Device Characterization 

The conventional margin measuring technique was used. 
nrinted circuit test board and put into a blus Lcid and rotating field nST. 

Temperature was contolled by controlling the flow rate of 
bloZTrthe coil structureind monitored by a Si diode 

on the board. The accuracy of temperature control was somewhat better than C. 

The 90 deg chevron detector test loop (defined as ^ar- 

chosen somewhat arbitrarily since there was very little 

gin between different test loops. The margin was measured by monitoring detec 
output. The operating frequency was 150 IcHz. 
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TABLE 17. MATERIAL PARAMETERS FOR CANDIDATE MATERIALS 


Candidate Material I g 

^“0.5^^1.07^®3. 93^12^ 





Wafer 

No. 

Suppression 

Technique 

Ho 

(Oe) 

H2 

(Oe) 

w 

(erg/cm^) 

4irMg 

(G) 

Ws 

(pm) 

h 

(pm) 

2 

(pm) 

4-25-21 

lon-Implated 

95.6 

72.5 

0.175 

212 

4.06 

3.4 

0.489 

4-25-22 

Bottom-Capped 

109.3 

85.2 

0.192 

231 

3.86 

3.4 

0.452 

4-25-30 

Top-Capped 

107.7 

84.5 

0.254 

250 

4,14 

3.2 

0.452 

Candidate Material H (Y^ 

69®^^0. 2^^0. 11°^1. 13^®3. 87*^12^ 




Wafer 

No. 

Suppression 

Technique 

Ho 

(Oe) 

H2 

\Oe) 

*^W r> 

(erg/cm'^ 

4ttMs 

(G) 

Ws 

(pm) 

h 

(pm) 

2 

(pm) 

4-27-2 

Ion-Implanted 

109.8 

87.0 

0.186 

232 

3.68 

3.3 

0,432 

4-27-3 

Bottom-Capped 

120.6 

94.0 

0.263 

265 

3.93 

3.3 

0.468 

4-27-7 

Top-Capped 

119,0 

100.4 

0.274 

266 

4.00 

3.3 

0. 483 

li 

o 

bubble collapse field 







«2 ^ 

bubble stripout field 







(T = 

W 

domain wall energy 







4ivMg = 

magnetization 








W 

s 

demagnetized domain strip width 





h 

film thickness 







2 

characteristic length 








5. 1. 1 Bias Margin at Room Temperature, - A die representing each candidate 
material and each hard bubble suppression technique was first characterized at room 
temperature (25°C). If a die did not show a satisfactory margin, it was replaced by 
another die until a reasonable margin was obtained. 

T3rpical results are shown in Figures 21 to 25. In the figures the solid circles 
( • ) represent the lower margin and the open circles ( o ) and crosses ( x ) represent 
the upper margin of the consecutive bit and alternate bit patterns, respectively. At 
first glance, the margin diagrams look very different from one another- It should be 
pointed out^ however, that the variation of the margin diagram among dice from the 
same wafer can be as great. Therefore, every feature should not be considered as 
representing differences between materials or hard bubble suppression techniques. In 
fact, most of the features seem to be attributable to differences in material parameters 
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SAMPLE 4-25-21 {ID NO. 1 (Wg = 4.06 tim) 

f = 150 kHz 
T = 25°C 


g2 X ALTERNATE BIT 

O CONSECUTIVE 

92.8 AHg= 14.9 Oe (16.1%) 

• 90.8 AHg = 10.9 Oe (12%) 


^0 20 30 40 50 60 

Hp, (Oe) 

Figure 21. Bias Margin as Function of Drive Field at Room 
Temperature for YEu lon-Imolanted Sample 
p SAMPLE 4-25-22 (BC) NO. 4 (Wg = 3.86 #im) 
f= 150 kHz 
T = 25°C 


® X alternate BIT 
O CONSECUTIVE BIT 


100.4 AHg = 15.7 Oe (15.4%) 
101.9 AHg= 12.8 Oe (12.7%) 


Hr (Oe) 

Figure 22. Bias Margin as Function of Drive Field at Room 
Temperature for YEu Bottom-Capped Sample 



SAMPLE 4-25-30 (TC) NO. 4 (Wg = 4.14 ^/m) 
f = 150 kHz 
T = 25°C 


94.3 AHg= 12.0 Oe (12.7%) 
•92.9 AHq = 9.1 Oe ( 9.8%) 


X ALTERNATE BIT 
O CONSECUTIVE BIT 


Hp (Oe) 

Figui'e 2.3. Bias Margin as Function of Drive Field at Room 
Temperature for YEu Top-Capped Sample 

r SAMPLE 4-27-2 (II) NO. 2 = 

f= 150 kHz j.x' 

T = 25°C 


103.2 AHg = 12.3 Oe (11.9%) 
102.5 AHg = 1i.00e( 10.7%) 


X ALTERNATE BIT 
O CONSECUTIVE BIT 


Hg (Oe) 

Figure 24. Bias Margin as Function of Drive Field at Room 
Temperature for YSmLa Ion-Implanted Sample 


125 I— 


SAMPLE: 4-27-3 {BC) NO. 1' 
f= 150 kHz 
T = 25°C 


01 

O 

03 

X 


120 


115 


110 


105 


! (Wg = 3.93 Aim) 


X ALTERNATE BIT 
0 CONSECUTIVE BIT 



113.6 AHg= 16.0 Oe (14.1%) 

111.7 AHg= 12.2 0e( 10.9%) 


105.6 

A. 


0 10 20 30 40 50 60 70 

Hr <Oe) 

Figure 25. Bias Margin as Function of Drive Field at Room 
Temperature for YSraLa Bottom-Capped Sample 


and/or fabrication conditions. For example, the large differences between consecutive 
bit and alternate bit margins at higher dr^e field can be attributed to oversized bubbles. 
For comparison purpose, the consecutive bit and alternate bit margins at Hr = 50 Oe 
are tabulated in Table 18. Note that the difference between consecutive bit and alternate 
bit margins (percentage-wise) is roughly proportional to the stripwidth. The difference 
is only -1 percent for 3.08 )j.m stripwidth whereas it is 23 percent for the stripwidth 
exceeding 4 |j.m. Also given in Table 18 are the minimum values of the drive field for 
consecutive bit propagation, which may also be correlated with the stripwidth. 

Returning to the figures, we notice that when the bias margin extends into lower drive 
fields (<35 Oe), it tends to shrink abruptly (Figures 21, 22, and24). Visual observa- 
tions revealed that this is caused by strip domains stretching out into the loop from the 
detector feedthrough to which part of the chevron guard rail is shorted as a consequence 
of a mask defect. 

In any case, the bias margin at Hr ~ 50 Oe is > 10 percent and this can be 
increased considerably by optimizing the bubble size. Further, spontaneous nucleation 
was not observed in any of the samples tested. Thus it is fair to say that both materials 
(YEuGa and YSmLaGa)and both hard bubble suppression techniques (ion-implantation 
and double-layei’ing) are adequate as far as room temperature margin is concerned. 

5. 1.2 Temperature Dependence of Bias Margin. - Temperature dependence of the bias 
margin for each sample at a fixed drive field of 50 Os is shown in Figures 2(5 to 30. 

For one sample (4-25-2), it is shown for Hr 40 Oe as well for comparison (see 
Figure 26(a) and (b). It is seen that each sample shows the general profile of bias 
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bias margins and minimum drive fields at room tempera^ 

^ I > I jy 


Ion-implanted 
Bottom-capped 
Ion-implanted 
Bottom-capped 
Top-capped 


+ Minimum value of the drive field 


Domain 

Stripwidth 

I-I"*' 

R min 
Consec Bits 

AHb 

Consec Bits 

= 50 Oe 
Alternate Bits 

3, K8 pm 

27 Oe 

11.0 Oe (10.7%) 

12.3 Oe (11.9%) 

3.93 pm 

30 Oe 

12.2 Oe (10.9%) 

16 Oe (14. 1%) 

4. OG pm 

30 Oe 

10. 9 Oe (12.0%) 

14.9 Oe (16.1%) 

3.86 pm 

25 Oe 

12.8 Oe (12.7%) 

15.7 Oe (15.4%) 

4. 14 pm 

35 Oe 

9.1 Oe (9.8%) 

12,0 Oe (12.7%) 


* Bias field margin 







SAMPLE 4-27-2 (II) NO. 2 
f = 150 kHz 
Hp = 50 Oe 

YSmLa 
Wg = 3.68 (im 


X ALTERNATE BIT 
0 CONSECUTIVE BIT 


-30 -20 -10 0 10 20 30 40 50 60 70 80 90 100 

T(°C) 

Figure 29. Bias Margin as Function of Temperature at Hjj = 50 C 
for YSiTiLa Ion-Implanted Sample 

130 p 

SAMPLE ^i-27-3 (BC) NO. 1' 
f»150kHi' 

125 p Hp,=G00e 


YSmLa 
W = 3.93 Aim 


116 

o 



X ALTERNATE BIT 
0 CONSECUTIVE Bl f 


-30 -20-10 0 10 20 30 40 50 60 70 80 90 100 

T|OC) 

Figure 30. Bias Margin as Function of Temperature at Hp 
for YSmLa Bottom-Capped Sample 




margin as a function of temperature characteristic of YEu and YSm compositions it 
more or less matches the temperature profile of Ba ferrite permanent nfagnets in the 
required temperature range as can be seen from the dashed curve uS"fs diwn 
each figure assuming a temperature coefficient of -0. 19rf/°C. 

The effect of oversized bubbles manifests itself even more markedlv in the 

dependence of the bias margin. Let us look at the cases where the strip- 
uidth is greater than 4 pm. In Figures 2«(a) and 28 we see that the consecutive bit ^ 
margin shows a maximum at around room temperature while the alternate bit marein 
S°lowerT increases Mth decreasing temperature, the effect of oversizing is enhanced 
at lower temperatures, resulting in shrinkage of consecutive bit margins This is for ho. 

1 enced by the temperature dependence curve plotted in Fimre 26lbl for a lower 
drive field ativhlct, Hie effect of bubble-bubble Interactions ifkpSl to be SSer. 

- H / temperature dependences of the bias margins have revealed 

temperature profile of Ba ferrite permanent magnets matches the temperature deoend- 
ence of the bias margins fairly well and as seen from Figures 2(> and 28 the mattfhine- 
will be much better if bubble size is optimized to increase consluthm bit maig^^^^^^^ 
temperX?^^^ Spontaneous bubble necleation was not a problem at any 


5.2 Summary and Conclusion 

Two candidate materials, YEuGa and YSmLaGa iron garnets and two hard h.ii.hlo 

Xvlcl operatlon‘'“r^^^^^ " ‘>““'^l>*-l‘>yering were evaluuted In forma 

-:o“C to lafor ai,f ’f “ contuiuous mode over tlie tempernture range of 

ovhihiilj ° ' representing each material or surface treatment 

features eirbrXibutedTo^'?^^^^ '*‘"Sram, moat of these 

leacures can be attributed to differences in material parameters, especiallv the 

dependence of the bias margin showed Uiat it matches 
that of the Ba ferrite magnetization adequately. matenes 

Thus it is concluded that both materials and both hard bubble suppression 
techniques are adequate for use in flight recorder application. The the 

final material and hard bubble suppression technique for the recorder program sheijld 
btmforpro^eS^:" oonsiderntions such al ense of fabrt^"ttn^'id°?op:mdu'’;i-'‘‘ 
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6. TASK 5 - EFFECTS OF HARD BUBBLE SUPPRESSION LAYERS AND 
CRYSTAL ORIENTATION ON MATERIAL AND DEVICE CHARACTERISTICS 
STUDIED USING A HIGH SPEED OPTICAL SAMPLING TECHNIQUE 


It has been reported in Section 4 that various hard bubble suppression techniques 
{ion-implantation, multi layering, etc) have different effects on the dynamic properties 
of bubbles. Most notable is the absence of velocity saturation in triple-layered films. 
The misorientation of the [111] axis of the substrate relative to its surface normal is 
also known to have appreciable effects on the dynamic properties^. It is the objective 
of this task to study the effects of hard bubble suppression layers and crystal orienta- 
tion on material and device dynamic properties. 

Much of the fundamental static and/or quasi-static characterization of materials 
and devices is done using an optical microscope. It is only natural to turn to optical 
methods also when the d 5 Tiamic character of bubbles is investigated. The high speed 
optical sampling microscope system ^ developed by Humphrey and co-workers at the 
California Institute of Technology has the capability of optically sampling a dynamic 
event with a 10 nsec single exposure photograph and is well suited for studying the 
dynamic behavior of bubbles. This system was made available to us and used 
throughout this task. 


G. 1 High Speed Optical Sampling Technique 

The optical sampling microscope system^ used here, which was developed by 
Humphrey and co-workers at the California Institute of Technology, is capable of 
making a series of single exposure photographs at known sample times with a 10 nsec 
exposure time. It thus allows a detailed analysis of the dynamic behavior of bubbles 
during their high speed motion. The system as it is used for free bubble measure- 
ments and for device studies is shown in Figures 31 and 32, respectively. 

Figure 31 shows a block diagram of the optical sampling system as it is used 
for free bubble measurements. It consists of the laser illuminated optical micro- 
scope, 16 mm movie camera, sampling oscilloscope and pulse generators. An obser- 
vation is initiated by a timing pulse originating from the movie camera (indicating that 
the shutter is open) or by an exteimal clock at the same frequency (not shown) if a 
photographic record is not desired. This timing pulse triggers the pulse generator 
and the sampling oscilloscope horizontal sweep eternal trigger as indicated. The 
sweep unit then triggers the laser light source after adding a delay appropriate to the 
position in the sweep. A portion of the light from the laser shines on a fast photo- 
diode (PIN diode) giving a pidse that triggers the vertical sarrple gate coincident with 
the light pulse. The time of the light flash can then be adjusted in relation to the 
applied field pulses in any desired way by using the delay internal to the pulse gener- 
ator and observing the field pulse on the sampling oscilloscope. The time relationship 
between the laser pulse and the magnetic field pulse is therefore adjusted avoiding all 
ambiguities due to instrumented delays, etc. Time sweeps of events can be taken by 
using the horizontal sweep generator of the oscilloscope and movie camera with each 
frame representing a single exposure of the transient domain shape at that time. 
Althougli the results look like motion pictures, they are not; they are photographs 
taken at 16 Hz of a repetitious event taken at various delays. 


4(5 


SAMPLING 

OSCILLOSCOPE 



SAMPLE TRIG OUT 


HORIZTRIG IN 


Figure 31. Block Diagram of the Optical Sampling System as it is 
Used for free bubble measurements 



Figure 32. L-^ck Diagram of the Optical Sampling System as it is 

Used for Device Studies 







I 


Device investigations require a slightly modified electronic arrangement. A 
block diagram with this change can be seen in Figure 32. The general timing pulse 
originating from the camera triggers the bubble exerciser which generates a burst 
of rotating fields. This timing pulse also triggers the auxilliary delay sweep oscillo- 
scope on which the burst pattern is displayed. The delay sweep trigger is used to 
choose the desired clock cycle of the rotating fields and the time sweep through the 
cycle is provided by the sampling oscilloscope. 

Special sample preparation is required to minimize the extreme interference 
pattern obtained when coherent light illuminates the symmetric repetitious structures 
typical of devices. Figure 33 is a schematic representation of device configurations 
that can be satisfactorily observed with coherent illumination. Epi -illumination is 
used for observing the bubble domains through the substrate. It is- necessary to 
remove the epitaxial layer from the back side of the substrate to reduce light absorp- 
tion and improve the contrast of the bubble image. The most satisfactory sample, 
illustrated on the left of Figure 33 has 150 to 200 A layer of metallic reflector (e.g. , 
chromium) labeled mirror A, directly on the surface of the garnet film. The usual 
SiOo spacer and the permalloy overlay is placed over the mirror. The coherent light 
reflects from the mirror and does not diffract; yet the device pattern can be seen 
through the mirror. In other words, the metallic reflector acts as a half-silvered 
mirror. Somewhat less satisfactory but still usable and more readily available is a 
modification. Mirror B, in which the reflector is placed over the permalloy structure 
as indicated on the right of Figure 33. Mirror A is especially effective for small 
devices whose circuit period is less than 20 pm. Mirror A was used for the devices 


EPPI - ILLUMINATION 

▼ 



MIRROR A PERMALLOY DEVICE 

PATTERN 


I I I ▼ ▼ ▼ 
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Figure 33. Schematic of Special Device Preparation 



{16|j.m period detector test loops, see the previous section) for the study of the , 
effects of hard suppression layers, U’hile Mirror B was used for the devices (28p.m 
period quad circuits) prepared for the study of the effects of crystal misorientation. 

6.2 Effects of Hard Bubble Suppression Layers 


It has been reported in Section 4 that various hard bubble suppression techniques 
have different effects on the dynamic properties of bubbles. For example, permalloy 
coating increases dynamic eoercivity considerably. Ion-implantation causes local 
coercivity variations while top-capping does not. Most notable of all, however, is the 
elimination of velocity saturation by triple-layering. The objective of this subtask is 
to study the effects of multi-layering on material and devuce dynamic properties. 

6.2. 1 Radial Velocity Measurements. - The bubble expansion technique^^which was 
introduced along with the optical sampling technique^ provides a new method for 
measuring the radial wall velocity of bubble domains^^. This technique is very useful 
for determining saturation velocities. Thus, the bubble expansion technique was used 
to evaluate multilayered samples. The samples including an ion-implanted one 
selected for evaluation are listed in Table 19. 

In the bubble expansion experiment, uniform expanding pulse fields were 
provided by a small pancake coil driven by an HP 214A pulse generator. The rise 
time of the field was 7 nsec. A field of sparsely distributed bubbles is photographed 
at various known times after the application of an expanding field pulse. Tlie diameter 
is then measured from the photograph and the radius plotted as a function of the time 
at which the photograph was taken. 


TABLE 19. SAMPLES USED FOR RADIAL WALL VELOCITY MEASUREMENTS 


Sample Number 

Composition 

Hard Bubble Suppression 
Technique 

4-25-21 

YEuGa 

Ion-Implanted 

4-25-22 (D4) 

YEuGa 

Bottom -Capped 

4-25-30 (D6) 

YEuGa 

T op-Capped 

T17 

YEuGa 

Triple- Layered 

TIO 

YSmGa 

Triple- Layered 


Figures 34 through 36 are representative of the results taken at three charac- 
teristie drive fields. Figure 34 is for the low drive region where a 12 Oe pulse is 
applied for 0.3p.see. It can be seen that the bubble expands to the new equilibrium 
size appropriate for the applied field (bias plus pulse field) before the end of the 
pulse. Figure 36 shows a bubble expanding in a 60 Oe pulse field. Exceptionally 
linear plots such as this one are characteristic of ail the data at high pulse field 
amplitudes. Figure 35 is characteristic of some intermediate drive whore an initial 
linear portion is observed followed by the exponential-like character of the lower 
drive region. A bubble does not remain round when expanded for a prolonged length 
of time at high drive fields^O. Therefore, all measurements made here are limited 
to the time before this shape distortion occurs. 
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RADIUS (m'ti) RADIUS (^m) 


SAMPLE 4-25-21 
PULSE FIELD 12 0e 
PULSE DURATION 0.3 ;iS 




TIME (/isec) 


igure 34. Bubble Radius as a Function of Time Typical of Low Drive Cases 


Xx*Xx=< 


, XxXXX^XXj^XXX 


SAMPLE 4-25-21 
PULSE FIELD 24 Oe 
PULSE DURATION 0.3 pS 



TIME (psec) 


Figure 35. Bubble Radius as a Function of Time Typical of 
Intermediate Drive Cases 





TIME (jisec) 

Figure 36. Bubble Radius as a Function of Time Typical of 

High Drive Cases 

Radial velocity is the slope of the radius vs time plot. Figure 37 shows the 
observed radial velocity as a function of applied pulse field for Sample 4-25-21 (lon- 
impianted). Each bar indicates the range of two independent measurements (two 
bubbles). For fields >40 Oe, where the data is linear as in Figure 3(5, a least square 
straight line fit was made to the data and the calculated slope of this fit was used to 
represent the velocity. For pulse fields <40 Oe, data similar to Figures 34 and 35 
was obtained where the linear portion of the radial velocity curve was limited. Thus, 
the accuracy of the calculated velocity becomes poor for pulse fields <15 Oe. In any 
case, the velocity is seen to saturate at 1000 ~1500 cm/sec. 

Figures 38 through 41 show the results for the multilayered samples. It can 
be seen that all samples unambiguously exhibit velocity saturation. Samples 1)4, U(>, 
and T17 which have the same composition as the ion-implanted sample and similai 
material parameters show more or less the same velocity profile as the ion- 
implanted sample. It should be noted that within the experimental error no appi'cciablo 
differences have been observed for the I'eversal of the bias field for the double-layeied 
samples (D4 and D6). 

Bubble collapse measurements were made on Sample TIO to compare the two 
techniques and the results are shown in Figure 42. The number plotted indicates the 
number of bubbles that collapsed at the same time in the field of view for a given 
pulse field amplitude. The velocity was calculated using the collapse time x and the 
initial and collapse diameters measured from the photographs. It can be seen that 
the saturation velocity agrees with that obtained from the bubble expansion technique 
fairly well. 



VELOCITY (cm/sec) VELOCITY (cm/sec) 














VELOCITY (cm/sec) 



VELOCITY (CM/SEC) 








It is thus concluded that all the samples investigated exhibit velocitj' saturation 
in the bubble expansion measurement regardless of the surface treatments. This 
seems to contradict earlier observation (Figure 17) that the triple-layered sample 
did not show velocity saturation in bubble transport measurements. There are 
several possible explanations for the contradiction. First, the bubble transport 
measurements were made at low drive fields (AH S’lO Oe), while the bubble expansion 
technique does not provide sufficient accuracy in this drive field range. It is thus 
possible that triple-layering does eliminate the Slonczcwski breakdowni^ which is 
believed to be responsible for velocity satimation and dynamic conversion^ and that 
the velocity saturation observ'ed in the bubble expansion measurements is due to an 
entirely different meclianism such as the Walker breakdown^^ which is calculated to 
take place at higher drive fields than the Slonczewski breakdown for the samples 
under consideration. A second possible explanation is related to the ballistic over- 
shoot reported recently by Malozemoff and DeLuca^^ on their transport measurements. 
Using high speed laser photography (similar to the teclmique used here) to measure 
bubble position as a direct function of time, they observed a large displacement after 
the gradient pulse turned off, with a relaxation time of several microseconds. The 
true velocity calculated from the distance the bubble traveled "during the pulse" 
exliibited a sharp saturation. Although the overshoot effect has not been examined 
for triple-layered films, it is conceivable that ballistic overshoots in these films are 
such that the bubble velocity calculated from the "final position" looks as if it were 
linear with drive field. * It thus seems important to undertake bubble ti ansport 
measurements in triple- la yei'ed films using a high speed optical sampling lechnique 
to resolve these questions. 

6.2.2 Device Characterization. - As was mentioned in Section 4, 16 pm period 
detector test loops were fabricated on tne ion-implanted and double-layered samples 
listed in Table 19 for Tasks 4 and 5. It was concluded from the data of the previous 
section that no appreciable differences due to the surface treatments were observed 
in the operating margin measurements. It became apparent that this was also the 
case in the device characterization study using the optical sampling microscope. The 
optical sampling microscope did, however, reveal some useful information on the 
dynamic behavior of bubble propagation in actual devices. That is, the bubble motion 
is very nonuniform, resulting in a large amount of variation in the domain wall 
velocity. Typically, the maximum velocity is as high as four times the average value 
for the T-bar structure and the ratio is nearly five for the chevron structure!^. 


* Triple layer samples have since been shown to exhibit large balistic overshoot. The 
authors wish to thank A.P. Malozemoff and L, C. Deluca of the IBM Research l abs 
for supplying this information. 
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In summary, the optical sampling technique did not reveal any distinction in 
device performance between the different hard bubble suppression techniques. How- 
ever, it provided basic knowledge of the dynamic behavior of bubble propagation in 
actual devices. 


6. 3 Effects of Crystal Orientation 


It has been reported in the literature^®’ that a relatively small 
mis orientation of the [111] axis relative to the substrate normal causes a considerably 
larger misorientation (~3 times) of the magnetic easy axis of the epitaxially grown 
magnetic garnet film. If a misoriented film was used for a field access bubble device, 
the rotating ”in-plane" field would have an ac field component along the direction of 
the magnetic easy axis. Such an ac component would modulate the bias field and 
presumably result in device operating margin degradation. The effect of substrate 
misorientation on device operating margins was examined by Tocci, et al^® for a 
sample having a tilt angle (of the [111] axis) of 1. 4 deg. Although the magnetic easy 
axis tilt was found to be as much as 4..75 deg, it did not have an adverse effect on the 
operating margins. 

It was also found that substrate misorientation induces an in-plane anisotropy^®. 
The induced in-plane anisotropy was in turn held responsible for a domain wall 
velocity anisotropy observed in a misoriented filmS. The velocity anisotropy may 
have important implications in bubble devices, in particular, at high frequencies 
since it is the lower velocity that determines a limiting frequency. It may also be an 
important consideration even at moderate frequencies since the chevron stretcher 
detector commonly used in the devices may have considerably different domain stretch 
rates depending upon the orientation of the stretch direction relative to the velocity 
anisotropy axis. 

It is the objective of this subtask to investigate the effects of substrate mis- 
orientation on material and device characteristics with the emphasis on the determin- 
ation of an in-plane anisotropy and its effect on domain stretch at the detector. 

Two samples have been chosen for tliis subtask which had been characterized 
by Tocci et al^^ in their margin measurements. One sample has a tilt angle of 
1. 4 deg and the other 0 deg determined by x-ray Laue photography. The accuracy of 
the x-ray measurement is estimated to be ±0. 2 deg for the larger tilt and ±0. 4 deg 
for the smaller tilt. Both samples have nominal composition 

02^™O 38^^1 15^®3 85*^12’ P^^^^ters for these samples are 

given in Table 20. The relationships between the surface normal and crystallographic 
axes are illustrated for the tilted sample in Figure 43 where Gq is the tilt angle of 
the [111] axis from the surface normal and «Jjc is the azimuthal angle of the tilt plane 
measured from the projected [112] direction in the sample plane. 
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TABLE 20, RIATERIAL PARAMETERS FOR UNTILTED 

AND TILTED SAMPLES 


Sample No. 

Sgideg) 

W (/xm) 

n 

o-j^Cerg/cm ) 

Hn(Oe) 

4n-WI{G) 

hlFm) 


2-18-55 

0 

E.D 


87.4 

174 

5.93 


Z-18-B3 

1.4 

5.56 


S3.G 

177 

6.06 

■ 


6.3,1 Radial Velocity Measurements. - The radial wall velocity of an expanding 
bubble in a misoriented sample was found to be anisotropic®. The portion of the wall 
moving perpendicular to the in-plane easy axis expands at a higher velocity than that 
moving parallel to it. Thus the bubble expansion technique is well suited for charac- 
terizing a misoriented sample since it can determine the velocity anisotropy and 
in-plane easy axis simultaneously. We have therefore used this technique to charac- 
terize our tilted sample. 

In the bubble expansion exiDeriment, as we have described in Para 6. 2. 1, a 
uniform pulse field is applied to expand a bubble and photographs are taken at various 
known times after the onset of the field pulse. Because of the in-plane anisotropy in 
the tilted sample, the shape of the original static bubble is eUipitcal with its major 
(minor) axis along the in-plane easy (hard) axis^®. However, the velocity anisotropy 
is such that the portion of the wall parallel to the in-plane easy axis expands at a 
higher velocity than does the portion perpendicular to it. Thus, the ox'iginal minor 
axis of the elliptical bubble expands more rapidly than the major axis and soon 
overtakes it, 

SURFACE 

NORMAL 



PROJECTION 
IN SAMPLE 
PLANE 

Figure 43. Relationship Between the [111] Axis, 
Surface Normal, and Crystallographic Axes 
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Figures 44 chi ough 46 show the major and minor axes of the expanding bubble 
as a function of *ime afteT* the onset of a Ifisec pulse for three characteristic pulse 
amplitudes. It can be seen from the figures that the original minor axis quickly over- 
takes the major axis as mentioned above. For low drive fields the bubble expands to 
new equilibrium size and therefore the major and minor axes interchange again in 
response to the static stability requirement {Figure 44). At high drive fields the 
velocities along both directions are constant with time resulting in linear plots such 
as those of Figure 46. This of course, implies velocity saturation. For intermediate 
drives initial linear portions are followed by nonlinear curves as seen from Figui’e 45. 

The velocities along both directions were calculated from the initial slopes of 
the dimension plots and are plotted vs pulse field in Figure 47. It is seen that the 
velocity is quite anisotropic. The saturation velocity along the original major axis 
(in-plane easy axis) is 1200 cm/sec and that along the original minor axis (in-plane 
hard axis) is 2500 cm/see. The ratio of the latter to the former is about 2:1. 

The in-plane easy axis was found to lie at -40 deg from the [112] direction 
defined in Figure 43. The axis relationships are illustrated in Figure 48 along with 
the orientation of the chevron stretchers of the quad circuits used in the device 
characterization. According to theoryl6^ the in-plane easy axis lies at the angle 4) 
that satisfies the relation P 
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The angle 4’c foi' the j)resent sample was measured to be 70 deg. Thus, the theorelieal 
value for * is -35 deg in good agreement with the value --40 deg determined from the 
velocity anisotropy. 


The above theorylti also predicts the in-plane anisotropy energy as 


K 


2 \'2 


(A-jH,) 


| 2 ) 


where 0g is the tilt angle of the [111] axis in radians and A and B9 are growth 
anisotropy parameters. For YSmGa garnet films A and Bo ai'c roughly 4x1 ergs, cm 

//^ tV1 3 I 1 » 1.^ I-,-.. ....... ^1. I . _ ' Q #-v 


and -3xl0‘t ergs/cm3, rcspectivelySl ; so Kp should be roughly 1250 ergs/cm^. Gn 
the other hand, Seiilomann^Z has recently given a theoretical consideration to the 
effect of in-plane anisotropy on the Slonczewski critical velocityl2, \’ 'Phe result 
is shown in Figure 49, where the ordinate axis (Vp) is normalized with respect to the 
critical velocity w’ith no in-plane anisotropy (Vpo) and \'p^^ and \’ 11 imply the critical 
velocities in the direction perpendicular and parallel to the in-plane easy axis, 
respectively. For our sample I\p/2irMg" ~l and the theory predicts V^,/V.,;| ~ 2 
which agrees with the observed saturation velocity ratio. \'p for our sample is 
calculated for the straight wall * to bC'lGOO cm/see assuming 1.7G rad/see Oe, 
A - 2xl0“7 erg/cm, and Ky 7400 erg, cm3, tjiq saturation velocity, \’q, is then 
~500 cra/sec on the basis of the Slonczewski formulaic (Vq 0.3 Vp) or— 900 cm/sec 
on the basis of the Bagedorn formula (Vq 0. 55 Vp). Thus the llagedorn formula 
combined with Schlomann's theory provides the anisotropic saturation velocities in 
reasonable agreement with the observed ones. 



Figure 49. Slonczewski Critical Velocity as a Function of 
In-plane Anisotropy (After Schldmann22) 


It is not clear how to take into account the curvature of an expanding bublile. 
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Since the saturation velocities in both directions are known, the saturation 

velocity in an arbitrary direction, V , can be given by 

s ci 


V 

so 





V • 2 

) sin a 


( 3 ) 


where o is the angle between the direction of wall motion and the in-plane easy axis 
and Vsj| and Vgj_are the saturation velocities in the direction parallel and perpendi- 
cular to the in-plane easy axis. In the present sample V = 1200 cm/aec and V 
V = 2500 cm/sec. 

6. 3. 2 Device Characterization. - In the previous section we have shown that the 
domain wall velocity in the tilted sample is quite anisotropic. It is therefore expected 
that the domain stretch rate in the chevron stretcher will be quite different depending 
upon the orientation of the stretch direction relative to the in-plane easy axis. 

Although the effective drive field for domain stretch is not known, it is estimated to 
be sufficiently high to drive the wall to its saturation velocity. Let o be the angle 
between the domain stretch direction and the in-plane easy axis. Then from Eq (3) 
the domain stretch velocity for our sample is expected to be 

^ sa ~ ^ sin^a (cm/sec) (4) 


Our sample has quad circuits A, B, C, and D as illustrated in Figure 48. The angle o 
is 70 deg for circuits A and B and 20 deg for C and D. Thus, the stretch velocities 
for circuits A, B and circuits C, D are estimated to be 


~2350 cm/sec (A, B) 
V ^20 ~1350 cm, sec (C, D) 


(5) 


Domain stretch velocities were measured for the quad circuits ..sing the optical 
sampling microscope. Measurements were made at the chevron step stretcher 
sketched in Figure 50. At time t = 0 the rotating field is in the -i-x direction as sli.,wn 
in Figure 50. The length of the strip domain (along y direction) was measured as a 
function of time at an operating frequency of 150 kHz. A typical result is shown in 
Figure 51. At t ~ 2psec (108 deg) the domain reaches the stretcher and starts to 
expand. Expansion is more or less linear in time until t exceeds 4psec (216 deg). 

For t >4. 5psec (245 deg) the domain starts to leave the left-hand side of the stretcher 
and the stretch velocity decreases. Bit patterns (consecutive or alternate) make little 
difference in the stretch rate presumably due to the short stretch. 

It can be seen from Figure 51 that there is indeed a difference in the stretch 
velocity but the difference is not as large as expected from Eq (5). It should also be 
noted that both stretch velocities, 3250 cm/sec and 2450 cm/sec, are considerably 
higher than the saturation velocities given in Eq (5). Similar observations were 
experienced in the measurements of the velocity of bubble propagation in field access 
devices^S; i, e, , the bubble velocity can reach a value considerablv higher than the 
theoretically predicted critical velocity or experimentally observed saturation 
velocity for free bubbles. We believe that this discrepancy is attributed to the 
presence of in-plane fields (rotating field plus permalloy stray field) in devices. It 
appears that the effect of in-plane fields is to increase the saturation velocity by 
~1000 cm/sec in the present case. 
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PROPAGATION 


Figure 50. Chevron Step Stretcher Used in Device Study 

Similar measurements were made on the untilted sample and a tj^iical result is 
shown in Figure 52. It is immediately made apparent that there is also a considerable 
difference in the stretch velocity between the two orthogonal stretchers. An in-plane 
anisotropy is therefore suspected. Indeed, bubble expansion measurements showed a 
non-negligible velocity anisotropy. The saturation velocities along the two principal 
axes are 1350 cm/sec and 1900 cm/sec. It is seen from Figure„49 that Kn/2TrMQ ~0. 3 
would give rise to a velocity anisotropy of this order. Kp/2TTMs^ ~ 0, 3 in turn corres- 
ponds to a tilt angle of only ~0. 4 deg. Since the accuracy uf the x-ray measurement 
for a nearly 0 deg tilt is rO.4 deg, it is conceivable that the supposedly untilted sample 

does actually have a tilt of ~ 0 . 4 deg. j h 

The in-plane easy axis was found to lie at 30 deg from the y axis defined in 
Figure 48. This means » = 60 deg for circuits A and B and o ^ 30 deg for C and D 
Thus, we have 

Vs( 5 o cm/sec (A, B) 

Vs 3 Q ~1500 cm/see {C, D). (fi) 


Again the observed stretch velocities are much higher than these values. An 
increase of 800 -900 cm/sec presumably due to in-plane fields in the circuit would 
bring these values close to the observed stretch velocities. 
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Figure 52, Domain Length as a Function of Time in the Chevron Step Stretcher 

for the Supposedly Untilted Sample 

In summary, the substrate misorientation produced a considerable domain 
"stretch anisotropy" but this anisotropy is not as large as the saturation velocity 
anisotropy of a free bubble wall. This is probably attributable to in-plane fields 
present in the device. The effect of in-plane fields seems to be such that they 
increase saturation velocities in all directions thus diluting the anisotropy. Since 
the results obtained here are based on the limited number of samples, the intentional 
tilting of the [111] axis is not recommended luitil more data are accumulated and the 
effect of in-plane fields on domain wall motion is fully understood. 
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TASK 6 - MAGNETORESISTANCE DETECTOR STUDY 


The two main goals of the detector study were to ensure that a system error 
rate of lO'S could be met and that the output would be on the order of 5 over ^e 
^fooc to 6n°C temperature range. As it turns out the latter requirement is the most 
ristricUve of the tL, hence considerable effort was spent 

sensitivity as function of geometry and this work is reported m Section 7.2. Because 
the stretcher design plays an important role in determining whether consecutive or 
alternate bits can be propagated the problem of 

Section 7. 1. There it is shown that by increasing the period the bit bit interaction 
can be significantly reduced allowing consecutive bit operation over the entire 
oMratiMmS? Finally In Sention 7. 3 the magnetoreslstanae and noise properties 
of the one andfwo-level chevron stretcher detectors are considered yielding further 
i^St So to of the detectors and indicating how the detection electronics 

can be improved to reduce error rates. 

The detector magnetoresistance study was fundamentally aimed at establishing 
how the permalloy geometry affected the detection process. No attempt has '^een 
made to determine what effect permalloy processing or garnet material parameters 
ITave on the sensm Our feeling is that the material parameters are largely 

constrained by other device requirements and that aside from the magnetization most 
other narameters are relatively unimportant. Since the magnetization is re a 
the minimum drive field it is generally agreed that it should be chosen to be as sma 
L^pXito cons\stent with other constraints. Hence studying 

mat^erial parameters on the detection process does not appear to be fruitful. On tne 
other hand previous experience has clearly indicated that permalloy processing is 
ve^y importart Ihl^rtandpoint of aenaitlvlty and reprodnolMlity. Alao the effect 

of second order permalloy parameters such as in-plane 

nnlfnmvn For this reason we regard the processmg area as a candidate tor mture 
work. No attempt was made in this study to explore the effect of processing other 
than examining several runs made under supposedly similar conditions. 

7. 1 Stretcher Dynamics 

Involved in any chevron stretcher design are considerations such as 

linpwidth angle etc in connection with the basic chevron element itself. It has been 

the TuSom to^integratc many of the input-output functions into a five 
wliich cithur contafns an in-line detector or a replicator 

dctector(23) HO deg chevrons are almost universally employed m to s track and 
als^L the detector area itself. Because these elements play a role ^>^.deteminmg 
the overall operating margin it is important to Imow winch chevron designs aie optimum 
i^id the storage loop olomentc. For tide reason a a^dy was 

LUidcrtaken to^determine how to optimize the basic chevrons. Also considered was 
Sfect on margins of adding permalloy interconnections to the stretcher to form a 

one-level detector. 

7 1.1 90 Deg vs 110 deg chevrons and stackin g properties of the chevrons . The 
fiVst experiments perfonned were designed to determine whether a 90 deg angle 


6G 


chevron propagated better than one with a 110 deg angle. 
dependence of the margin with stacking was determined. The f 

marized in Figure 53 and show almost no difference in margin with angle for 3 o 
more chevrons in the stack. The results did show, however, that as the n^ber 
chevrons in a stack is increased the locations in bias of the lower margin deci eases 
abou 2 to 3 Oe in going from 1 to 5 chevrons. Figure 54 shows that for a three 
chevron stack the margin overlap between chevron and T-bar elements is nearly opti 
mum Hence decreasing the number of stacked chevron elements do^ not appeal 
rvmuagels Incr^ the number from three to five will make little difference in 
the margin overlap. According to our measurements the largest shift in location of 
the lower margin occurs in going from one to three chevrons. 

-7 1 O Porinri and mobility dependence of chevron marpns. - The optimum period 
fn, a“p lnwroii tra^^ is detcnnincd by a compromise betwc ~ e n bit-bit interactions p 
the Lw eml“nd ^ tl"-' In oricr to resolve tins problem 

consecutive and alternate bit margins were taken electronically on a series f g 
interconnected detectors (two level) for which the period was varied from 24 to 40 
microns Fonvard- reverse propagation through the detector in a region of 12 chevions 
was used to obtain the data at 100 kHz shown in Figure 55. The detection limit is 
defined as the point at wliich any bit in a series of five fails to elongate \vhile transvci - 
ing the detector. The effect may clearly be seen electronically as ^ 
pattern produced by the detector. Figure 55 shows that for a given drive as the 
oeriod is increased a point is reached where the mobility is no longer great enough t 
matotaln propaS^^on with a wide margin. It also shows tluit the bit-bit .ntcractiou 


RELATIVE MARGIN 
(NORMALIZED TO 
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ngure 53. Stacldng Dependence of the 100 kHz Margin 
for 90 Deg and 110 Deg Chevrons 
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Figure 54. Overlap of Chevron and T-Bar Margi- ' 
as a Function of Frequency 
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Figure 55. Chevron Period Dependence of Margins for 

’^1.7^“0.65^'"0.65°h.06"'®3.94°12 1"'““ 

becomes important at shorter periods. This is reflected in the consecutive bit 
detection limits which lie below the corresponing alternate bit ma.rgins for short 
periods. If detection is to be achieved ov'er the whole operating margin for consecu- 
tive bits at 35 Oe drive field the period should be about 32 microns for this sample. 

If only alternate bit detection is desired over what normally would be the consecutive 
bit operating range then a period anywhere between 24 and 32 microns would be 
satisfactory. At 25 Oe drive field the mobility limit sets in at about a 28 micron 
period. At this field value because the bubble field is a significant fi'action of the 
drive field it tends to dominate in this regime with the result that both consecutive 
and alternate bit detection limits fall below the margin limit. 

Clearly these results are mobility dependent and therefore to obtain some feeling 
for this aspect the previous measurements were repeated in connection with a much 
higher mobility sample. The results, which are summarized in Figure 56, confirm 
more or less what is expected. At 35 Oe drive field the consecutive bit margin and 
defection limit coincide. At 25 Oe bit-bit interactions cause the detection limit to 
fall slightly below the margin limit. Because the mobility is so much higher here 
the maximum operating period can be 40 nicrons with no margin narrowing. At higher 
frequencies this clearly will not be the case and therefore in designing the detector 
one should choose the shortest possible period consistent with the operating frequency 
and consecutive bit detection (if so desired). Figures 55 and 56 allow one to make 
x’casonable estimates of optimum pei'iod desigiis. Figures 55 and 56 indicate that the 
maximum allowable velocities in the two samples considered differ by about a factor 
of 1. 25 even though the mobilities differ by more than a factor of 3. Since the peak 
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Figure 57. Detector Interconnection Test Patterns 

TABLE 21. GEOMETRY DEPENDENCE OF MARGINS (28Mm PERIOD) GAP = 1. 5fjm, 
NORMAL SEPARATION = 1. & irm (WTDE SEPARATION = 3. 6 lan'I, 

ANGLE = 110° (UNLESS SPECIFIED) 



— 


150 kHz 

150 kHz 

GEOMETRY 

PATTERN 

DESCRIPTION 

MIN DRIVE FIELD 

MARGIN AT 40 Oe 


5 

Two Level (Conductor 
Shorted at Chevron Ends) 

IS Oe 

15 Oe 


11 

One Level 18 Element 
Set-in Shorted 

20 Oe 

14.5-15.5 Oe 

8 

One Level 36 Element 
Set-in Shorted 

20 Oe 

17 Oe 

3 

One Level 18 Element 
End Short 

20 Oe 

16-17 Oe 


9 

One Level 18 Element 
End Short Wide 
Separation 

20 Oe 

12.5-13.5 Oe 

6 

One Level 18 Element 
Horizontal Wide Separation 

15 Oe 

13 Oe 

12 

One Level 9 Element 
Set-in Shorted 

19 Oe 

15.5 Oe 

10 

One Level 18 Element 
End Short 90<> Chevron 

17 Oe 

16.5 Oe 

4 

One Level 18 Element 
End Short Fine 
Interconnect 

15 Oe 

16.5 Oe 



7 

One Level 18 Element 
Half End Shorted 

16 Oe 

16 Oe 
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pennalloy is added, as for Pattern 5. Patterns G and 4 not 
miexpectedly have niinin-mm drive fields quite close to tliis value Annarentlv thi=! ic, 

£iS‘v"= 

“S~==FJ~'=“ 

^ shorted detectors of increasing 

r„, n increase in margin in going to the 36 element stretcher iPat- 

Z significant and therefore it appears reasonable to coLlufe that 

s a^t VhoSt significmitly for this many chevro^^ 

chevrm?^ends %at of moving the permalloy interconnections out to the 

or m^rains S. It « ^ Tf the minimum drive field 

the end«? fho r> ii oj^owhat unexpected in view of the common assumption that at 
ends the permalloy tends to act like a short circuit to the flux. Strobosconic 
micioscopy, however, does indeed indicate some differences in propagation behavior 

the e„, 


^^tt^rns G and 9 are different from all the others in tliat the vertical senaratinn 
^ to collapse prematurely as it passes from one chevron to 

Sorjif stroboscopic measurements indicate the wave-like distor- 

dievron (Patte?ns^8"'Tr ^ 12 ?'' Th"’ 'hevroi, (Pattern 10) than for the 110 deg 

however. ’ reflected in the margin data of Table 21, 


The overall impression left by these results is that as long as the chevron to 

cffTcro^n^th^oo r” the interconnection scheme has little" 

rinflf continuous propagation margins. This presumes that stripout near the 

e”H““~£=H 
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7.2 Detcictor Sensitivity 


In order to establish wMch of the one and two-level detectors considered in 
connection with the stretcher dynamics study had the liighest output sensitivity several 
different experiments were performed in which chevron period, pex'malloy thicloiess, 
and permalloy to garnet spacing were varied. The interconnection geometry was also 
varied. The results indicate that from the output standpoint the two level detectoi is 
superior to the one level. The reason for tills is explained in some detail in 
Para 7.3.3. The two-level detector, however, has tlie disadvantage that it requires 
several processing steps and a critical alignment. The critical alignment makes the 
use of this detector impractical for bubble circuits of 24 pm period or smaller from 
the process yield standpoint. On the other hand one expects to find some similarities 
between the one and two-level detectors and therefore optimization of the two level 
detector should yield some information useful to one-level detector design, for tins 
reason experiments were performed initially on the two-level detectors. 

7.2.1 80 Deg vs 110 Deg Chevrons - Two-Level Detector . The results of Section 
7* i[ 1 revealed that the 90 deg chevron has as good a margin as the 110 deg chevron. 
Accordingly measurements were made on the output at 30 and 40 C)e drive field lor 
these detectors. Because the results for the 90 deg and 110 deg detectors turned out 
to be so similar further measurements were made to determine the basic drive field 
dependence of the magneto re si stance. It was expected that the flatter 110 deg chevron 
should magnetize more rapidly with drive field (along the propagation direction). In 
fact the reverse was true. The results are shown in Figures 58 and o9 ?long wit i 
waveform insets showing the measured outputs at 30 and 40 Oe drive field, ihe loea 
tion in drive field of the low to high magneto resistance transition aiffers by only .J Ue 
for the two cases and hence no; much difference in output behavior is expected since 
the form of the two curves is similar. Tliis conclusion is further enhanced by the all 
bubble magnotoresistance curves showing about the same drive field sluft from the 
no bubble state. 


It has been pointed out that the output of the two-level detector shows a 
pronounced after-effect particularly at low drive fields (24). A comparison of this 
effect for the 90 and 110 deg chevron at a drive field of 24 Oe also appears in Fig- 
ures 58 and 59. The motivation for making both no bubble and all bubble measurements 
is discussed in Section 4. 3.4 in detail. The fact that these measurements were made 
at different bias fields is unimportant as we are looking for differences between the 
results for the 90 deg and 110 deg detectors. These results do seem to indicate that 
the 110 deg chevron suffers more from the after-effect. At higher drive fields (30 to 
40 Oe) however, the after-effect becomes small and slight dilferences in signal wa\e 
form become more important. From the output standpoint it appears that there is veiy 
little difference between detectors based upon 90 and 110 deg chevrons. This is con 
firmed in Para 7.2.3 for the one-level version. 


7.2.2 Period d ependence of the output . - Wliile the drive field at which the transition 
from the low to high magneto re si stance state occurs shows little sensitivity to chevron 
angle it does show sensitivity to peidod or equivalently to the demagnetizing factor 
along the propagation direction. Figure 60 shows a series of magnetoresi stance curves 
for two-le^ '1 detectors with varying period. As is discussed in Para 7.3.4 (noise 
study) and is also suggested by Figures 58 and 59 the low drive field output of a two- 
level detector may be regarded as the difference in voltage between a curve such as 
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Figure 58. Magnetoresistance Results for Two-level 90 Deg Chevron Detector 
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/igure 59. Magnetoresistance Results for Two-level 110 Deg Chevron Detector 
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is shown in Figure 60 and one sliifted about 8 Oe lower in field. Tills is because the 
bubble field is equivalent to about an 8 Oo uniform field. Hence if the operating dx’ive 
field happens to fall in the steep region of a curve in Figure 60 the output will be high. 
Conversely varying the period (and possiblv the permalloy thicloiess) allows one to 
adjust where the transition lies relative tc. uie operating drive field and therefore 
enables one to control the output. Figure 61 supplies proof that tliis can indeed be 
done. Shown in a plot of the detector output for 25 and 35 Oe drive fields versus period. 
Referring back to Figure 60 confirms just what is found expeximentally. As the period 
is increased the transition moves to the left becoming at fii'st more optimum fox’ the 
detector output and then less optimum as it passes to the left of the operating drive 
field. The output apparently does not go down at the lax’ger pex’iods because the net 
detector resistance is still increasing linearly with period. The output at 35 Oe for 
any given period is higher than that at 25 Oe because the drive field is liigher and 
thcrefoi’e lies c’oser to the transition. 

The results of Figux’e 61 shows tliat the effective demagnetizing factor contx’olling 
the location of the transition as well as its steepness vax'y almost lineaxTy with pex'iod. 
Tliis is what one would expect based upon an ellipsoidal model for a chevron. For an 
ellipsoid or a tlxin bar it is Icnown that the dependence of the demagnetizing factor is t/L 
wheie t is the thickness and L the leng^th. A similar dependence is expected for the 
chevron where the period becomes analogous to the bar length. The pexnxalloy cannot 
be made too thin, however, or else it will be satui-ated by the dx-i^ e field possibly 
resulting in a reduced margin and higher minimum drive fields. If a low ti’ansition 
drive field is required the combination of period (subject to mobility limitations) and 
tlxicicness can be used to avoid tliis situation. Hence, it is faii*ly cleax’ how one should 
go about optimizing the tW 0 “lcvel detector. There is some question as to whether the 
active and dummy detectors will be pr-oporly matched in the transition region due to 
slight differences in demagnetizing factor associated with pi’ocessing. Also the con- 
ti-ol of the drive field becomes more important when operating near or at the transition. 
This problem can be avoided, however, by opei’ating at a drive field slightly below the 
transition allowing the bubble to switch the detector into the liigher magnetoresistance 
state only in the active detector. Operation in this way may allow one to eliminate a 
permalloy dummy in fa/oi* of a x’esistor wliich fui’ther I’educes the noise produced by 
the detectors as is discussed in Para 7.3.5 (noise study). 

7.2.3 90 va IIQ Deg Chevrons - OneLevel Detector. - In Para 7.2.4 it is shown 
that at 36 Oe drive field 90 and 110 deg chevx’ons produce about the same output in a 
one-level detector. To further confirm this a series of output measurements were 
made on 18 element 90 and 110 deg detectors. The results ax’e summarized in 
Table 22 and show that at normal drive fields the 90 and 110 deg set-in shorted detector 
has less output probably due to its lower resistance. Measurements were also made 
of the magnotoresi stance characteristics of Pattern 11 and a 36 element set-in 
shorted detector. The results showed that the 90 deg chevron magnetizes in the 
(p ■ 0 deg direction somewhat more rapidly than its 110 deg counterpart which was 
also confirmed previously in connection with the two-level measurements. Hence it 
appears that there is very little difference in output between 90 and 110 deg chevrons 
whether they are pai't of a two-level or one-level detector. 
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Figure Gl. Relative Output for Two-level 110 Deg Detector vs Chevron Period 


TABLE 22, SUMMARIZED RESULTS (90 VS 110 DEG) 


Pattern 

Description 

Output* 


25 Oe 

37. a Oe 

50 Oe 

10 

18 element 90 deg 
chevron end shorted 

120 pv/ma 

125 pv/ma 

93 ma 

3 

18 element 110 deg 
chevron end shorted 

86 pv/ma 

125 pv/ma 

93 pv/ma 

11 

18 element 110 deg 
chevron set-in 
shoi’ted 

80 pv/ma 

86 v/ma 

73 M-v/ma 


*Hypothetically clamped and strobed for maximum 0 to 1 output 


7.2,4 Length, geometry and drive field dependence of the detector output. - 
Figure 62 summarizes the results of making detector sensitivity measurements on all 
of the one- and two-level 28p m period test patterns of Figure 57. The resulls :\re 
based upon maximum 0 to 1 detection window for an undamped signal. The measure- 
ments made on detectors of varying length indicate clearly a linear dependence of the 
output on chevrons in the stack (N|. This taken together with the noise results of 
Para 7.3 (noise study) implies a \N dependence of the signal to noise ratio. Figure (>2 
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Figure 82. Sensitivity Measurements for One- and Two- Level 
28 ^m Period Detectors 
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TABLE 23. 28|.im PERIOD DETECTORS 


Pattern 

Description 

25 Oe 

Output^ @ Hjjy = 
37. 5 Oe 

50 Oe 

5 

18 element two-level 
120 deg chevron 

200 (iv/ma 

230 pv/ma 

110 pv/ma 

5 

18 element two-level 
90 deg chevron 

210 |j.v/ma 

190 pv/ma 

150 pv/ma 

5 

18 element two-level 
120 deg chevron (wide 
separation) 

210 |j.v/ma 

230 pv/ma 

100 pv/ma 

5 

36 element two-level 
120 deg chevron 

- 

430 pv/ma 

200 pv/ma 

5 

18 element two-level 
120 deg chevron half- 
shorted 

86 [.tv/ma 

140 pv/ma 

80 pv/ma 

11 

18 element 110 deg 
chevron set-in shorted 

80 pv/ma 

86pv/ma 

73 pv/ma 

1 3 

18 element 110 deg 
chevron end shorted 

86 pv/ma 

125 pv/ ma 

93 pv/ma 

10 

18 element 90 deg 
end shorted 

120 pv/ma 

125 pv/ma 

93 H v/ma 

8 

36 element 110 deg 
set-in shorted 

150 pv/ma 

170 pv/ma 

180 uv/ma 

6 

18 element horizontal 
wide separation 

()6 pv/'ma 

53 pv/ma 

40 av/ ma 

9 

18 element 110 deg 
chevron end shorted 
wide separation 

80 pv/ma 

100 H-v/ma 

80 pv/ma 

12 

9 element 110 deg 
chevron set-in shorted 

40 pv/ma 

53 pv/ma 

40 uv/ma 

4 

18 element 110 deg 
chevron end shorted 
fine interconnection 

— 

66 pv/ ma 

66 pv/ma 

7 

18 element half end 
shorted 

53 pv/ma 

66 pv/ma 

53 pv/ma 


♦Hypothetically clamped and strobed for maximum 0 to I output 
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Figure 63. Sensitivity Measurements for One Level 16 p. Period Detectors 

about a factor of two reduction in margin occurred and the minimimi drive field 
increased by about a factor of 1. 6. Accompanying these changes the output sensitivity 
decreased very slightly from 50|jLv/ma to 40HLv/ma at a 50 Oe drive field in going from 
7000 to 10, 000 A spacing. Hence it appears that spacing has very little effect upon 
the detector output particularly near the optimum of 0. 5p (for 16p period devices). 

7.2,6 Thickness dependence of output for one-level detectors . - As was mentioned 
in connection with two-level detector optimization decreasing the permalloy thickness 
can be used to improve the output. This is also expected to be the case for the one- 
level detector and to investigate the effect of varying this parameter a magnetoresis- 
tance characteristic was taken on a 28|jl period pattern of 3000 A. The results which 
are summa^rized in Figure 64 when compared with those of Figure 68 (noise study) 
for a 4000 A thick patteni show the expected decrease in drive field corresponding 
to saturation in the 4>= 0 deg direction (direction of propagation). Also one finds a 
corresponding increase in the slope of the 4>= 0 deg curve as might have been antici- 
pated on the basis of the two-level results. The similarity of the 4> = 0 deg curves 
for one- and two-level detectors is discussed in detail in Para 7.3.4. Comparison 
of the 4> = 90 deg curves in Figures 64 and 66 reveals that reducing the thickness 
increases the slope of the thinner detector. As is pointed out in Section 7.3.4, the 
total output for this detector consists of a contribution from the -=0 deg amplitude 
shift due to the bubble and a 6 = 90 deg amplitude shift. Hence the higher = 90 deg 
slope contributes to an improved output in the 30 lo 40 Qe drive field range. In view 
of the increase in resistance of the detector with decreasing thickness these results 
are not unexpected. The limit on thickness is set indirectly by the opcr.ating drive 
field and the device margins. These depend in turn upon the device components 
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Figure 64. Drive Field Dependence of the Magnetoresistance for a Thin 28 pm 
Period One-level Set-in Shorted Detector 
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employed and the mobility of the garnet. From the standpoint of being able to optimize 
the detector output Figures 64 and 68 show that a lov/ drive field (20 to 30 Oe) is desired 
so as to move the operating point into the region of highest slope for the = 0 deg curve. 
When this is possible reducing the permalloy thicloiess from its common value of 4000A 
appears advantageous. Note that the Iw to 5 w transition (see p 87) remains around 
15 Oe although the effective demagnetizing factor for a given direction is reduced by 
tliree-quarters due to the tliiclcness change since the effective demagnetizing factor is 
expected to be related tc t/L where t is the permallo;^ thicknes^s and L is the chevron 
period. Based upon a thicloiess reduction from 4000A to 3000A we expect a 75 percent 
reduction in saturation field. 


7.3 Detector Noise Study 

7.3.1 Introduction. - Veiy little fundamental device work has been done in the area of 
magnetoresistive detection as it relates to field access bubble domain devices. Most of 
the work reported in the literaturel^^"^®) is either aimed at optimizing permalloy 
deposition parameters or simply presents device characterization data such as drive 
field dependence of tlie output, etc(29-30). The noise properties of such detectors have 
been studied only indirectly in connection with limited error rate measurements(24). 
Because detection represents a fundamental function required for device operation it is 
surn’''sing that so little device work had been done in this area. Thus this portion of 
the detector study v/as aimed at characterizing the noise properties of magnetoresis- 
tive detectors, the results of which are described in the following sections. This study 
is useful from two standpoints: (1) the estimation of device error rates, and (2) the 
understanding of the detection process. As it turns out the noise properties of the vari- 
ous detection states (0 or 1) give one a clue as to how the detector actually works which 
is an invaluable result in itself. 

Historically, field access detection has evolved from the Chinese character 
detector(31-34) to the thin chevron strip detector (3 5 -3 7) and finally to the thick 
permalloy chevron strip detector(29,30,38,39). This evolution basically reflects a 
change in philosophy from stretching the bubble along the propagation direction to 
stretching perpendicular to it. The thin to thick transition was made as an accommo- 
dation to processing simplicity. Elongating the bubble into a strip is necessary to 
increase the detector signal output particularly for the thic'- detector where the effect 
of the bubble stray field must overcome the high demagnetizing fields involved. 
Expanding the propagating bubble into a strip serves to increase the flux available 
for switching thus enabling the interaction to occur over a larger volume of permalloy. 
The one level thick detector(29,30,39) clearly has an advantage from the processing 
standpoint particularly for smaller bubble circuits where alignment becomes critical. 
For this reason the noise study was aimed at understanding the thick chevron strip 
detector. To provide contrast, hoAvever, measurements were also made on a thick 
chevron strip detector in which the permalloy interconnections were replaced by gold. 

As will be discussed the effect of replacing the permalloy by gold is profound both 
from the noise and signal output standpoints. In essence it is the permalloy inter- 
connections which are responsible for the large output seen by Bobeck at low rotating 
drive fields(39) and discussed in detail in Para 7.3.4. A hint of the origin of the 
lu) to 2w instability responsible for the large output may be seen in the basic magneto- 
resistance variation which is presented in Para 7. 3.3 as an introduction to the noise 
properties of the detectors studied. The experimental apparatus and electronic 
circuits used to obtain these results as well as those in Para 7. 3. 5 to 7. 3. 7 are 
described in some detail in the following section. 
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7.3. 2 Experimental apparatus - electronic circuits . - A photograph of the experi- 
mental kit setup used for much of this study is shown in Figure 65. A simplified 
version of the magnetoresistance sense channel used for the detector study is shown 
in Figure 66. This sense channel utilizes a differential preamplifier (733) to amplify 
the differential voltage induced to ground across the detector active and detector 
dummy arms of the detector bridge circuit formed by two internal 1 resistors and 
the externally connected active and dummy elements. For much of the study a 
passive (graphite resistor) dummy detector was used. For detector resistances on 
the order of 100^^, the signal amplitude reduction due to voltage division across the 
bridge elements is approximately 10 percent. The detector bridge is dc coupled to 
the 733 differential preamplifier. 

The 733 differential preamplifier is ac coupled to both a second stage (315) 
amplifier and an 7528 signal discriminator. The values of the interstage capacitors 
are chosen to bandwidth limit the signal to the 10 to 300 kHz frequency range for 
150 kHz operation. The detector signal is frequency analyzed using the signal available 
at the output of the 218 second stage amplifier. A Type 1L5 Tektronix Spectrum 
Analyzer plug-in and a type RM35A Tektronix oscilloscope are used. The signal 
clamping circuit is not employed in order to permit evaluation of the entire signal 
when used in conjunction with the spectrum analyzer. 
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Figure 65. Photograph of E.xperimental Test Station Used for 
Making Detector Error Rate Studies 
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A 7528 externally inieoted threshold controlled signal discriminator circuit is 
used to JSverftira^imed analog slgml of the 733 into TTL 

S^to thfe“rclser! The use of this gate permits systematic notse such as 
luicancelled d<j>/ dt pickup to b© ignored. 

The loeic level data generated in the sense channel is fed ^acU into the 
art of the bubble exerciser where the data are compared with that data indicated as 
TvSi beL "?«ortabhle memory loop. .Non-a^eetnert 

genSali™ of Ln i^of'^ulTwtohtff^d oounter The 

Srror rate curves can thus be obtained by counting the number of Yoon 

iirforer^-srreyrd=^^^^^^ 

corresponds to one detector operation. 
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Figure 67. Peak-to-Peak Magnetoresistive Output for 
Two-level 28 m Period Detector 


niitnut voltaee with the dummy detector replaced by a passive resistor is plotted 
a Hrivp field The form of the output is indicated schematically m the insert. A dc 

the elgntl develops aymmetrlcally about the 
?ero drievel. This maana that the dc response at * = 0 deg la just one half of value 
of the curve shown and the response at =■- 90 deg malces up the other half. The dc 
response L 4> = 90 deg decreases with drive field thus producing the total pealc-to-peak 
What Figure 67 indicates is that the isolated chevron does not begin to 
SLlS field reaches In excess of 30 Oe and than an 
abrunt transWon occurs between the low magnetoresistance state md ‘he l“Uy 
SteTstr Assuming the permalloy switching noise to be 

of the bubble field is equivalent to an increase of the uniform drive field by « on 
10 Oe which means that while the zero state at 25 Oe is Quiet the one state at 35 O® 
will be noisy according to our understanding of Figure 67. Hence the zero state noia. 
n^ertL^of a detect give us an indication of how it actually works - when combined 
with other information. For this reason the emphasis of our noise measurements was 
placed on characterizing the zero state of both the gold and permalloy interconnec e 
thick chevron strip detectors. 

The basic magnetoresistance variation of the permalloy intercoimected detector 
fone level) as well as a schematic of its layout is presented in Figure 68. The 
inmilar variation of the magnetoresistance with drive field is very different from that 
shwn in Figure 67 for the two-level detector. Whereas the ma^etoresistanee is 
highest in Figure 67 when the field is oriented along the propagation direction 
(d, = 0 deg) in Figure 68 the magnetoresistance is highest when the field is 
itmendicular to the propagation direction or along the axis of the detector 
AlS to be noted is the pronounced transition at 15 Oe of the signal waveform from 
2 tofundameii'-al frequency dependence to a Iw dependence at lower thp 

similar transition is found in connection with the gold shorted version but b^ause 
mSoresiSare is so low in the accompanying dinve field range its importance is 

miSinal. For the permalloy shorted version, 

region where the detector magnetoresistance is high which means that there 
possibility of obtaining a large output signal if the operating drive field is low. 

It is our contention that the large 40 mv output observed in ref 40 is 
associated with this transition. The following physical model is P^'opo^ed 
these experimental results. The key to understanding what is goii^^ un Figure 68 
lies in recognizing that the highest magnetoresistance state occurs when the driv 
field i^sesSi^^^ zero. TlJonly way that this can be 

structure is highly ordered along the current path when Ss^re- 

mental confirmation of such a configuration has 

mpntc; made on nermalloy detector patterns deposited on glass. Figure C9 shows two 
dScheTot ttoS'“7domain corflguration tor detectora whioh are end eborted and 
set-in shorted. As can be seen a domain pattern is formed so as to minimize the 
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occu France of external poles thereby reducing the magnetostatic energy. In this case 
domain closure is achieved by forming a serpentine pattern along the entire length of 
the detector. (Of course the magnetization directions may also be reversed by 180 deg 
from those shown in Figure 69). Because the current flows along essentially the same 
path and is parallel or anti-parallel to the magnetization direction the associated mag- 
netoresistance is high. With this picture in mind the interpretation of Figure 68 is 
I’elatively straightforward. At very low drive fields the ordered state of the detector 
persists whether the field is oriented parallel (cj) = o deg) ox’ perpendicular («j> "= 90 deg) 
to the px'opagation direction. The detector resides in a ordered state with the magneti- 
zation dix’ection along the detector determined by its past history or, if an in-plane 
component of the bias field is present, by this field itself. To completely reverse the 
magnetization direction apparently involves overcoming some sort of a magnetostatic 
enei’gy barrier with the I'esult that at low drive fields the magnetization is not switched 
in the I’everse sense thei’eby giving rise to the 1 w behavior illustrated in the inset. 

For (|> = 0 deg the magnetoresistance is lower than for t|>= 90 deg because the 
applied field tends to partially reverse the magnetizations of adjacent chevrons thus 
destroying the closure domain formed along the permalloy and thus decreasing the 
magnetore'sistance from its ordered value at H = 0 Oe. Above about 15 Oe the drive 
field is enough to completely reverse the magnetization along the detector and saturate 
it in the reverse sense with the result that a 2 dependence of the magnetoresistance is 
obtained. As the drive field is increased beyond this point it becomes strong enough 
to x’otate the magnetization in the chevron parts o;’ the detector away from the current 
direction with the I’esult that the output at 4' = 90 ceg decreases slightly from its zero 
field value. What appears to be happening for 4s = 0 deg is that as the drive field is 
increased adjacent chevrons magnetize in the same direction more and more-similar 
to what happens for 4^= 0 deg for the two-level detector of Figure 67. At a drive field 
of 70 Oe the adjacent chevi’ons are essentially saturated resulting in nearly the same 
magnetoi’esistance state as for a drive field of zero. Hence the curve for 4> = 0 deg in 
Figure 68 may be thought of as being the same as the 4^ = 0 deg cuiwe for Figure 67, 
(divide plotted curve by 2). The major difference in the permalloy interconnected 
detector is that as the field is reduced it becomes saturated with the result that the 
magnetoresistance for 4> = 0 deg increases and approaches an asymptotic value instead 
of going to zero. In reality the smaller bumps shown in the insert of Figui*e 68 at 
4> 0 deg can be thought of as the tops of the output signal shown in the insert of 

Figure 67. Thus this domain closure model can be seen to explain the qualitative 
features of the experimental data on one-level thick permalloy detectors. 

Becausethe raagnetoresistanee state of the permalloy interconnected detector 
in the low drive field region is high in conti’ast to the gold interconnected version the 
noise properties are expected to be quite different. For very low drive fields (<10 Oe) 
very little change in magnetoresistance state is involved so the noise output is expected 
to be small. At or around a drive field of 15 Oe corresponding to the Iwto 2w transi- 
tion the incom}.’ete switching of the magnetization should give rise to an extremely 
large noise signal. At higher drive fields (>40 Oe) the permalloy switching is expected 
to become more coherent with the result that the detector noise goes down as also 
holds true for the gold interconnected version. 
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A more complicated consideration than the drive field dependence of the noise 
is its angular variation. Because the bubble produces an output over a restricted 
ranee of drive field angles it is important to know where in relation to this signal the 
permalloy switching noise occurs. In the following section, therefore, we discuss 
how and where the detector signal is produced in relation to the basic angular variation 

shown in Figures 67 and 68. 

7.3.4 Detector operation and origin of the large lu) output at low drive field. - To a 
first approximation the effect of the bubble as it passes through the detector is to 
increase the effective drive field acting on the permalloy during the time of transit. 

This is because the bubble generally follows the magnetostatic energy minimum 
closely which means that geometrically it is in a position ha aid the 
uniform applied field. Strictly speaking, however, the bubble field is spatially 
rapidly varying in contrast to a uniform field. If one takes this equivalent uniform 
field viewpoint then the process of detecting a bubble may be thought of in terms of 
Figures 67 and 68 and as shifting the drive field temporarily to the right by about 
8 Oe The bubble output then is the difference between the signal waveforms for the 
states corresponding to the drive field and the dHve field plus 8 Oe. This t^e of 
detector operation is referred to as the amplitude shift mode in contrast to the P^as- 
shift mode^ which will be discussed subsequently. Clearly the output for the amplitude 
shift mode will be highest in the neighborhood of abrupt magnetoresistance transitions 
such as encountered in connection with the gold interconnected detector at about 30 Oe. 
Accordingly a study of this mode of operation has been made for this detector and the 
results are summarized in Figure 70. Shown are two magnetoresistance curves 
taken with no bubbles in the circuit and with bubbles in every bit position. The effect 
of the bubble field is equivalent to about 8 Oe uniform rotating field as is confirmed 
by the translation of the no-bubble field curve to the left. ^ 

impossible to obtain ail bubble data below about 10 Oe drive field because the bubbles 
fail to propagate at 150 kHz. Also shown as insets on the 

waveforms meant to illustrate the amplitude shift mode. At 23 and 30 Oe drive He 
the all-bubble and no-bubble waveforms are shown to be nearly identical thus con 
firming the equivalence of the bubble field and an 8 Oe uniform drive field. At 28 Oe 
the buWale -no-bubble state overlap is shown which corresponds to a vertical transition 
(as opposed to the just mentioned horizontal transition) between bubble 
magnetoresistance curves. The latter transition corresponds to the zero to one-st^te 
used to distinguish between bubble and no-bubble in a actual operating device. Als 
shown at 34 Oe is the no-bubble waveform once again confirming the equivalence of 
the all-bubble signal at 28 Oe and the no-bubble signal at 34 Oe. The 
between the all-bubble and no-bubble curves in Figure 70 is a measure of the amplitu^de 
shift output of the corresponding detector and therefore one would expect an increasing 
signal with drive field which goes through a maximum at about 25 Oe and then decreases 
at higher field values. This is confirmed experimentally by the dashed curve at the 
bottom of Figure 70. This curve was obtained by measuring the output at the peak 
magnetoresistance point of the no-bubble signal («j) = 0 deg). Because the two solid 
cur^s are for the peak-to-peak output a factor of two is required in comparing their 

difference with the dashed curve. 

In reality at higher drive fields the output of the gold interconnected detector 
does not drop off as rapidly as indicated in Figure 70 and this is because another mode 
of operation becomes dominant. This is illustrated by the waveform inset at 60 Oe 
and^s referred to as the phase shift mode. As can be seen from at this 

drive field little amplitude change occurs between the all-bubble and no-bubble state. 
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As a result it is the slight phase shift between signals which dominates the magneto- 
resistive output. This phase shift is believed to be caused by the bubble phase lag 
developed with respect to the rotating field as the bubble moves off of the end of the 
chevron and moves toward the apex. Because the bubble sits for a relatively long 
period of time on the end, the effective field seen by the permalloy lags the rotating 
field with the result that the first magnetoresistance bump is broadened giving rise 
to what essentially is a phase shift signal. A similar but smaller effect occurs when 
the bubble moves from the apex to the other chevron end in leaving the detector, 
giving rise to a characteristic double bump output with the second bump being smaller 
than the first. 

In general the output for the gold interconnected detector will be a combination 
of the amplitude and phase shift modes in the normal drive field operating range 
(35 Oe). As a result the phase at which the output occurs will be drive field dependent. 
For low drive fields (28 Oe) the optimum signal may be obtained by unclamping the 
signal at <i> = 0 deg and strobing at = 90 deg thereby utilizing the full extent of the 
bipolar output. This means that the noise in the vicinity of <|> = 90 deg will be important 
in determining the detector error rate. At higher drive fields clamping at 9 - -45 deg 
and strobing at 4* = +45 deg is appropriate. Hence the noise at cj> — +45 d^ is important 
in this case. With this in mind zero state (no bubble) measurements have been made 
to characterize the noise in these regions and the results are presented in the 
following section. 

The operation of the permalloy interconnected detector may be understood using 
the same reasoning as applied to the gold version in the preceding paragr^hs. 

Figure 71 shows the drive field dependence of the magnetoresistance for the bubble 
and no-bubble states. The equivalence of the bubble field to a uniform rotating field 
of about 8 Oe holds very well for 4> = 0 deg but not so well for 4> = 90 deg. Again insets 
are provided in Figure 71 comparing various signal waveforms. The comparison 
between all bubbles at 30 Oe and no bubbles at 40 Oe shows that it is reasonable to 
regard the detector as operating in the amplitude shift mode in the 30 to 40 Oe drive 
field range. As the magnetoresistance curves in Figure 71 indicate, the signal 
amplitude at 4> = 0 deg will be increased by the presence of the bubble just as for the 
gold interconnected version. For = 90 deg the amplitude shift is less pronounced 
than for 4> = 0 deg due to the slower variation of the magnetoresistance with drive field. 
Comparison of Figures 70 and 71 reveals that in the amplitude shift mode the output 
for the gold interconnected version should be considerably higher than for the perm- 
alloy interconnected detector. In Figure 71 the amplitude shift output may be 
obtained by adding up the differences in bubble -no-bubble voltages for both 0 deg and 
6 = 90 deg. The result then corresponds to that which would be obtained by unclamping 
at 4 * = 0 deg and strobing at 4> “ 90 deg. In Para 7. 3. 5 the noise properties of the 
associated zero state are examined in this neighborhood. 

Figure 71 also shows at what drive fields the 1 u> to 2 tu transition for the bubble 
and no-bubble states occur. Normally for a 28 /i period pattern the no-bubble 1 uj to 2 w 
transition occurs at about 15 Oe which places it somewhat below the normal high 
frequency propagatii^ drive field range making it difficult to observe. For the parti- 
cular 20 p period pattern studied here, however, the transition occurs at about 28 Oe 
for the no-bubbie state and 20 Oe for the all-bubble state. Wliat this means is that at 
a drive field of 24 Oe a passing bubble will switch the detector from the 1 mode to 
the 2 u mode. Physically the bubble field added to the rotating field becomes just 
enough to completely revei’se the magnetization along the detector pattern. When no 
bubble is present this reversal does not take place and the associated magnetoresis- 
tance is quite different from the (reversed) saturated value. The output corresponds 
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Figure 71. Magnetoresistance Variation of One-level Detector Illustrating Amplitude Shift Mode 
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to iust about the difference between the = 0 and 90 deg no-bubble curves at 24 Oe 

normal amplitude shift outputs. The Inset at 22 Oe shows 
The tbble-nf-bS for this nS^ode of operation. The noisy no-bubble ou^ut 

2 a ra^mlt of thfneaS of the drive field to the to 2w transition. Reducing the 
drive field somewhat can be used to improve the noise but at lower fields propagation 
h2omer2ratto! Our overall impression is that in terms of device operation th e 

rt?et2r«2iVr2»r1is 

Mdfttli^onsfdefato?^^^ chSg^’' NorSSfy lurdMouU to Sin quirt bubble 
field instability. 

7 3 5 Geometrical and d rive field dependence of the zero state eri-or - If the 

switching noise produced by wall motion in the permalloy is described by a Gaussian 
distribution as might be expected for a random process then the probability of 
obtaining an output at the threshold voltage may be described by: 

n 


- 1 
e TT 


P(V„) = 



(7) 


>/2Tr V" 


ISi 


1 ^ 1 , \T id n measure of the deviation of output signal from the 

meS to to a°'nlsB sVl- The error rate at a threshold is just the proba- 

bility of finding the signal above the voltage Vx which is. 


ER (V^) = 


L 

2 


V. 


V 


/¥ir 


N 


dV. 


(8) 
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Senrslchll f2.2d Tthe^.ld iSSonLotor detected is ea-pBCted to vary 
itke r WWe this does not necessarily follow for 

thf latter cl2 to boto^^^^^ to permalloy intercomectod 

Sectors toe sltal' to noise ratio increase as the .^11 The confirmation of the 
noise dependence is shown in Figure 73 by two methods. 

Error rate measurements were made on the zero state 
slopes of the results compared in the neighborhood of ^ error rate of 10 . Thes 

LTf Measure Cl the noise output. The results of these measurements appear in 
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Figure 72. Typical Error Rate Characteristics for Gaussian Noise (Calculated) 

T^igure 73(b). The latter technique gives information on the noise ain^plitude through- 
out an entire field rotation whereas the error rate technique gives information on the 
noise at a particular field angle where the detectim :;trobe occurs. 
the spectrum analyzer technique stems from its possible use as a processing monitor. 
The permalloy noise can be characterized extremely simply with this technique in 
contrast to making error rate measurements. 

The results of Figure 73(a) correspond to a strobe phase of cj) = 0 deg which is 
the point at which the first large output occurs in both of the detectors at nor^l 
drive fields. The strobe position in this case has not been optimized for maximu 
zero to one output nor has clamping been employed. The difference in imise between 
the end shorted permalloy interconnected detector and the set-in shorfod version is 
most likely simply a reflection of the increased permalloy involved. From data 
taken on the output of these detectors it appears that while J 

end shorted detector is larger, the signal to noise ratio is probably the same as fo 
the set-in shorted detector. The fact that the gold interconnected detector is quieter 
than the one-level versions is not of particular significance since the strobe position 
is not optimized. Also shown are results for a 16pm period pattern. 

Figure 74(a) shows the drive field dependence of the noise for the same detectors 
of the preiuous figure. As was anticipated in Para 7. 3. 3, the noise for the gold inter- 
connected detector increases almost like the magnetoresistance curve of Figure 68 
and then at higher drive fields begins to decrease rapidly presumably due to more 
coherent switching at these field values. In contrast the resuJ s for the one-level 
detectors simply fall off rapidly even at low drive fields. It is felt that this behavior 
supplies further confirmation of our hypothesis tliat the one-level detector is in a 
high magnetoresiatance state at low drive fields. In Figure 74(b) the spectrum 
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Figure 74. Zero State Noise vs Drive Field for Fixed Stretch 
(a) as Determined by Error Rate Measurements; 

(b) as Determined by Spectrum Analyzer 




analyzer results qualitatively confirm the error rate measurements. Figure 74(a) 
shews that a factor of two decrease in noise is obtained when the drive field is 
increased from 30 to 50 Oe. 

The fact that as additional chevron elements are added to a detector the noise 
increases like v N suggests that when a detector is placed in a bridge configuration 
with a matching nermalloy dummy the roise should go up by a factor ^ N unless 
there is some so'rt of correlation between the switching in the separate detectors. 

For true random noise there should not be. To further test this idea error rate 
measurements were made on a 36-elemf;nt detector, two 36-element detectors in a 
bridge and on a 72-element detector. The results which are presented in Figure 75 
show that the noise from the two 36-element detectors in a bridge is exactly the same 
as for the 72-element detector and furthermore is about a factor of \ 2 hiper than 
for the 36- element detector alone. Also checked at the same time was t he effep 
of clamping the signal to ground and unclamping 1 ps before strobing. As can p 
seen the results indicate virtually no difference between the clamp and strpe mode 
and strobing alone. This is because the ac coupling capacitors filter out the low 
frequency noise components making clamping redundant from the low frequency noise 
standpoint. Also checked was the effect of increasing the detector current. Figure 75 
indicates that the slope of the error rate curves increases linearly wp current. 

This means that the signal to noise ratio is independe it of current and tms as 
expected the error rate cannot be improved or degrac' id by increasing the current 
assuming that no temperature change takes place. Finally it should be mptioncd 
that since d(t>/dt is a systematic mode the only effect jf uncancelled d<j>/dt noise i.. 
to shift the detection threshold. It does not in any way change the slop or form ot 
the basic error rate curve determined by the random permalloy switching. 
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7. 3. G Frequency dependence of zero state noise . - The spectrum analyzer results of 
the previous section indicated a 1/f dependence of the switching noise which suggests 
that going to higher frequency might improve the signal to noise ratio. However, 
comparison of the noise spectrums shown in Figure lo shows why this might not be 
the case. The spectrum for 200 kHz contains as much integrated noise as that for 
50 kHz. Furthermore the noise amplitudes in the region of 2oj are comparable even 
though the high frequency noise spectrum fails off above this like about 1/f* . 

Figure 77 confirms that the error rate is essentially frequency independent from 
0 to 200 kHz. Spectrum analyzer results at frequencies up to 500 kHz suggest that 
this holds true up to much higher frequencies. Hence, the common observation that 
the permalloy switching noise goes down with increasing frequency is misleading. 

While this may be true for some of the low frequency components in Figure 75 it is 
not true for the whole spectrum. The gaps in the spectrums in Figure 75 are caused 
by saturation of the spectrum analyzer by the large 2to magnetoresistive component. 

7 . 3.7 Zero and one state noise for one- and two-level detectors. - To further confirm 
how the one- and two-level detectors work and alai the \1SI dependence of the one state 
error rate, measurements were made on detectors in a bridge configuration operating 
as they would in an actual memory. Clamping and strobing was optimized for maxi- 
mum zero to one output in all cases. Figure 78 indicates clearly that for the one- 
and two-level detectors the effect of the bubble field on the permalloy is equivalent 
to increasing the uniform field by about 8 Oe.. The data for the two-lev^el detector 
show that the zero states lie below the low ^o high magnetoresistance transition 
normally found for this detector. In this state the detector is quiet. When the 
bubble passes through the detector it is switched into the high magnetoresistance 
state which is reflected in the noisier "0 + 1" state output. If the bubble field were 
exactly equal to 8 Oe then this state would be approximately -^2 less than the zero- 
state with H^y = 40 Oe. The deviation from this ideal behavior is probably eausec' 
by detector mismatch. For the one-level detector the effect of the bubble is to 
decrease the detector noise. This is because one detector sees a higher drive field 
than the other thus according to Figure 74 reducing its noise slightly from that of the 
zero state at H^y = 40 Oe. Hence the noise output of the "0 + i" state is lower than 
that of the ”0" state. These observations tend to confirm the model of detector 
operation as presented in Para 7.4. As might be expected the ”0 4 i” state and hence 
"1" state exhibit a \T N dependence. This is not unreasonable if one regards the one 
state as simply higher drive field zero state as seems reasonable to do in view of 
the data obtained. 

7.4 Conclusions and Recommendations 

The sensitivity measurements made on one- and two-level detectors clearly 
show that the former have about half the sensitivity of the latter. This is because the 
drive field dependence of the peak-to-peak magnetoresistance for the two-level 
detector exhibits an abrupt transition in the neighborhood of 30 Oe whereas the com- 
parable transition is more gradual in the one-level counterpart. As has been shown 
the amplitude shift output for the two-level detector is by far the largest and therefore 
if one wishes to optimize the output from this detector it is simply a matter of 
adjusting the drive field or geometry so that the zero state falls in the low magneto- 
resistance region and the one-state in the high magnetoresistance region. Any 
number of possible solutions can be proposed. The most desirable is to reduce the 
drive field by employing high mobility materials. Since the location in drive field of 
the transition is determined by the effective demagnetizing factor along the direction 
of propagation the permalloy geometry can also be used to adjust the transition- 
subject to several limitations. Mobility places an upper limit on the period and so 
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small (large 47rM) because it requires a large minimum drive field. Here again it is 
likely that a modification will be discovered which will eliminate this problem. Our 
feeling is, therefore, that eventually the optimum drive fields for propagation and 
detection will begin to approach each other more closely. 

The question of optimum detector shorting arrangement has been answered 
experimentally - it has been shown that end shorting yields maximum sensitivity. It 
is interesting to attempt to explain the result in the light of our understanding of the 
magnetization process in the permalloy. If we assume that the bubble produced 
magnetization (bubble sitting on input side of detector) in the chevrons is independent 
of the shorting arrangement then the dominant (2oj) output signal produced at <|5 = 0 deg 
will increase as the active length of the chevron is increased by moving the shorts 
toward the ends. Experimentally one finds AR/R is independent of geometry for end 
and set-in shorted detectors which means that since R is higher for the end shorted 
version it will have a higher output. Fundamentally both of these arguments are 
equivalent and suggest that increasing R should be one of the prime objectives of 
detector optimization. If this is indeed the case then end shorting is the ultimate 
chevron base configuration. It also corroborates the increasing output with period 
found for both one- and two- level devices. The only mitigating factor revolves 
around what the effect the bubble phase delay has on the output. Experiments on the 
set-in and end shorted detectors show that the position vs field angle of the bubble as 
it passes through the detector element is virtually independent of the shorting. Hence 
we attribute the differences in sensitivity to the differences in resistance particularly 
since the corresponding ratios correlate well experimentally. There is, however, 
the possibility that by proper placement or design of the shorting arrangement a phase 
shift mode rather than an amplitude shift mode could be accentuated resulting in 
improved output. In this case end shorting may not be desirable and our criterion 
of maximum R may not necessarily be the correct one. Our feeling, however, is 
that not much more bubble phase shift can be tolerated in existing circuits without 
producing margin degradation. Presently the bubble lags the drive field by more than 
45 deg in going from the end to the center of the chevron. It is difficult for us to 
imagine how to increase this phase lag since experimentally both end and set-in 
shorting pi’oduce nearly identical results. One possibility is to end short the chevrons 
adjacent to the detector with the hope that this will decrease the pushing effect and 
hence increase the phase lag. Modifications to the detector itself seem to be limited 
due to the tight tolerances involved and reluctance to decrease R. 

The sensitivity and noise measurements made on the detector test patterns also 
pointed out another important aspect of detector design and that is in connection with 
cancellation of the background magnetoresistance in a bridge configuration. To obtain 
excellent cancellation it is necessary for the active and dummy to be identical and 
oriented in exactly the same direction (not for example rotated by 180 deg). The h ad 
layouts for both the active and dummy must also be identical to provide exact cancel- 
lation in the bridge configuration. Also it is advantageous to make the interconnection 
leads as short as possible and to place the activ'e and dummy as close together on the 
chip as possible. For this reason a guardrail detector is viewed as more desirable 
than the in-line detector because it allows one to realize these features much easier. 
Whether one uses the layout tested in connection with the on-chip bridge or a side-by- 
side arrangement is probably unimportant (although the latter generally requires 
more chip real estate) from the cancellation standpoint. Experience indicates that 
either approach wilt produce better results than those obtained for the In-line detectors 
in connection with the detector test mask. 
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The real problem with a permalloy dummy and its interconnection leads is that 
they produce switching noise while failing to improve the signal output. Hence the net 
effect is a decrease in signal to noise ratio. Since cancellation is usually not perfect 
anyway and since clamping and strobing techniques are used, there seems to be no 
reason to employ the permalloy dummy in the first place. The bubble-no-bubble 
change is present whether or not the sensor is placed in a bridge with a permalloy 
dummy or with a carbon resistor one. Hence one important conclusion coming out 
of the noise study is that the permalloy dummy should be eliminated. This change 
will increase the signal-to-noise ratio by a factor of \/2. While the magnetoresistive 
sensor is intrinsically very good from the error rate standpoint, the effect that further 
increasing the signal-to-noise ratio has is to increase the threshold margin at a given 
error rate. When constructing a system this is desirable because one threshold is 
employed for many chips and the larger the net threshold margin the better. The 
elimination of the dummy detector has yet to be considered and studied from the sense 
electronic standpoint. 

The frequency analysis of the detector output and noise indicates that filtering 
will improve the signal-to-noise ratio. This is because normally the bubble output 
is principally 2to while the noise extends over a broad spectrum from dc to several 
megahertz. Hence by bandpass filtering €.t 2w the high and low frequency components 
which are associated with the permalloy switching will be eliminated with little loss 
in signal amplitude. Exactly where to cut off the pass-band was not determined in 
our study but is a simple matter to determine experimentally. All that is required 
is to take several error rate curves as a function of the cutoff frequencies. Currently 
for 150 kHz operation the coupling capacitors are chosen to produce cutoff points at 
10 K and 300 kHz. These values are based upon rough qualitative judgements and 
should be refined in the future. 

Finally we conclude by mentioning areas which we feel require further 
investigation in connection with the detector study. Foremost is the problem of 
permalloy film reproducibility. Our measurements indicate that boti» the magnitude 
and shape of the zero state signals differ from lot to lot. Whether this is a result of 
placement in our test coils or intrinsic in the permalloy itself is unknown. Differences 
observed on the wafer prober suggest that it is very likely the permalloy. Other 
areas such as drive field dependence of the optimum strobe position as well as lot to 
lot reproducibility merit investigation. Also the processing dependence of the 
switching noise should be examined using the spectrum analyzer to characterize its 
amplitude. 
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8. TASK 7. 


PASSIVE REPLICATOR AND ON-CHIP BRIDGE 
DESIGN AND EVALUATION 
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thiclvnesses of 4pm! ^The^Jimple^iLrain^ testing with nominal stripwidths and 

these wafers was^ fabricated thf test 24. On one of 

controlled generation ^d ann ^ 79 inducing Al/Cu conductors for 

was 5800A in this case. On the other *wafer nSfv between the permalloy and garnet 

after depositing 3500 A of SiOo as a spacer Th^ fh^ pattern was fabricated 

nominally 3000A for both of ie processed wafis. permalloy was 


105 


U--""" .^efsss ^, , . .p ,.-!iHti.-~...,.vj 

-"S 9 & -...:• 

.r* - M- i' . . 


■jui,jui,i.u,i,:.i,i.i,i,i,m:- 

Ifl*#******®***^ ; jiQQSODirpPPPPPPPPPP'': • ■ • 


4 B 3= 


; jiflOSODirpepafiPPPPP *■■: •• • 


...OPPP.....PPP— 


• r I : ! I : ! ! 


, , ; aiOa00Cu«p=»on»«»Pi< , - ^ 


5|][jrJ]«pUP 




i**® •sioioeanoo®*®®* A««efttll#AAAAAAAA*t<‘,i.\, 




, ^i- ;Ai) 

u’*‘ 7 

b : : : :.: J - * I1.I *-* 




BBBAAAAASAAAftAOBBn 


^^.^,^iyBBAeil*AAAAl^,ij!j;_ 


^a*AeaAOj>o®“®*"" 

I .^-^ipaQDDoAA“OAAAAflOAfft-< 

6 '*‘:i 

fi.i,: 1 i.:.i I 1 1>; i - • •• • 






■^AAAAAA****'"*** |jjApflC0'oOnAAaooA#<ABCil. ,, ,. ‘^*111 _ 


■-suuiiu,iuui.i,7.r 

— 

-v,v>p*»«*'‘«'*'iiifr jy-- 4 ••‘;^: r :^.,.T;;i;u:iM:,:.ri: 

^i; :;:::, m;i.:,:,:i,? i;;iniu:uu.s:n,:;:.r;.n:i..-t- .v,*.-: ■■ 

V -^•■AAAAB®‘‘“ . jrfiQDt.:*‘AAABA«AAAOBO<t^, 

%»b*«aaAAAa«»'^ , ; , I -»;Tr ***^ 

^;;>*‘'“"'”‘^i';;j: 3 ■;,■;• -;!i:uiv::.:lu:;.:::,::t:;i^i' 

•:;;i.:'.i”- -uuT: 

*-a»A®^ IBAAAUARAAAABBAAAABis, , t, 

hB(ia*BBAAA^** -^/^Aftftfifip^AAAAAAAAAlj:, . ,• >’TI. „ ‘ * ’.t* 

^jACBllAAAAA*AAAAAA*'^,ij.y_ •"J • “ * *} ^ 

’ 5 “ -r -■■ .. „......««.p.a.pp» 


, jJACB«aaaaa*aaaaa«*'.<.,|j.,^_ t ^ 

.A„.p.A,.«B.P..«pp««'«Vi;p‘k-kV»VtV.Vpv«VpVa-pW^^^ 


1 “i' 

I ! I UUJ.I : II ll i;; 


,„^ppp»»**»*'- 

oppdSBCSSaifPPPPPP'' . . . . 
>'•' t 




■■'1*^1111* pppppppppppppppppp 

pppppi^spppppppfc^p^*"****** 

I. 835I88"*'”'*'’ 

j,,p„p«»— 

^-OBBAA'AAflAAAAPAABBA^’p 
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TABLE 24. WAFER FABRICATION 


Composition 

H , 

col 

w 

cr 

w 

4ttM 

h 

i 

^2. G2®™. 39^^1. 15^®3. 85'^12 

107.4 

3.9 

.24 

250 

3.0 

.485 

^2. G2^"\ 39°^1. 15^^3. 85^12 

131.9 

b. 88 

.231 

259 

3.92 

.431 


Preliminary margins were taken before dicing at 25 kHz to determine which of 
the test patterns looked promising. Only the bits at the output of the replicator were 
observed in these preliminary tests. Examination of the data revealed that Patterns 
A-1, A-8, A-9, A-lO, B-10, B-8, B-3, B-2, C-10, and C-8 showed promise. These 
as well as some of the other patterns were then tested at 150 kHz for start-stop in 
the direction of propagation (solid) and in the opposite direction (dashed). The results 
at large spacings shown in Figure 80 indicate that the parallel bar type replicator 
(A-8, A-9, A-10, etc) works considerably better than the variations of the design in 
Ref 43 and that in fact Pattern A-9 works the best, having a 14 Oe start-stop margin. 
The patterns based on variations of A1 suffer from the problem that the bit one period 
away from the replicator bar and in front of it is lost prematurely. This occurs for 
either direction of shut-down and whether or not a holding field is present. 

In contrast the results for a small spacing shown in Figure 81 reveal that the Al- 
based designs have a good margin whereas the parallel bar designs do not. The version 
employing 90 deg chevrons instead of 110 deg chevrons in the replicator generally does 
not have as wide a margin as that for 110 deg chevrons (B-8 vs B-3). Slight modifica- 
tions to the basic design (such as the substitution of parallel bars) operate well which 
further confirm the intrinsic properties of the original design. Unfortunately a spacing 
of 3500A is not practical nor desirable for a lOpm period design from the standpoint of 
drive field and also from the standpoint of step coverage. Devices which have been 
fabricated with 4900A of SiO^ spacer appear to operate satisfactorily yielding typical 
margins of 15 Oe drive field^ In the future it is likely that with the advent of higher 
mobility materials the spacing may be increased. When and if this occurs it will be 
necessary to employ the parallel bar version (A-9) of the replicator. In any event 
passive replicator designs for large and small spacings have been tested and shown to 
operate w'ell. 


8.3 On-Chip Bridge Design 

In most magnetic bubble device designs a dummy magneto resistance detector in 
addition to the bubble sensor is included on the chip to balance out the rotating field 
component of the output. These magnetoresistive elements are usually connected in a 
bridge configuration; however, there remains the question of where to place the bridge 
completion resistors. Since it is desirable to keep the size of the memory substrate 
as small as possible to reduce the coil volume and module power dissipation, including 
these resistors (and/or preamplifiers) on the substrate is undesirable. The remaining 
alternatives are to place the completion resistors outside of the module or on the chip 
itself. From the standpoint of induced d4>/dt noise both approaches a re probably equally good 
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Figure 82. On-chip bridge Test Mask Arrangement 

permalloy one (1. 2K) which meant that only about half of the true bridge sensitivity 
could be achieved. As was mentioned in the previous section (for the all permalloy 
bridge) this was done from the layout and noise standpoint. Choosing the carbon 
resistors to have similar values was done to allow direct companson of the 
sensitivity and error rate data. 

Figure 83a shows the zero and one outputs for alternate bits in both bi'idge 
configurations. Even for the on-chip bridge the cancellation of the rotating field 
cornponent of the magnetoresistance is exceptionally good. This is presumablv due 
to the close physical proximity of the elements and also the attention paid to matching 
the physical layout of both bridge and active detectors. Figure 83a shows tliat the 
sensitivity of the detector is unchanged by the substitution of permalloy resistors 
for the carbon bridge resistors which is expected. Careful examination of the zero 
and one outputs, however, reveals that the additional permalloy causes the background 
noise to increase. This is shown more dramatically in Figure 83b w’here the zero 
outputs are compared at much higher sensitivity. Clearly the noise level of the on 
chip bridge is higher. To further quantity' this observation error rate measurements 
were made on the zero and one states at the strobe position corresponding to the 
second positive going peak in Figure 83b. 
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9. TASK 8 - MEMORY CELL FABRICATION 


The objective of this task is the fabrication and deliverj' of an operating bubble 
domain memory cell. In this respect it is unique among the Item 2 program tasks in 
that it results in deliverable hardware as well as technical information. The work 
on this task fails logically into three distinct categories which form the basis for this 
section of the report: 

1. DesigTi, fabrication and evaluation of an improved memory element with a 
capacity of -10'* bits. The basis for the design is the information gained 
in the previous tasks. 

2. Design, fabrication and characterization of a memorj' cell package. 

3. Integration of memorj' elements into the package and characterization of 
the memorj' cell. 


9. 1 Memorj’ Element Design and Characterization 

4 

9. 1. 1 10 Bit Chip Architecture. - Several altemative chip layouts exist for the 
realization of a simple register. The principal factors indicating which approach 
is more desirable stem from detector and system requirements. From the system 
point of view it is desirable to have the read, write and erase functions coincident. 

This simplifies the electronic control and housekeeping requirements. From the 
sense electronics standpoint a several millivolt output is desirable from noise con- 
siderations as well as sense channel availability’. In order to get an output of this 
magnitude from the magnetoresistive sensor it is necessary’ to make the stretcher 
one hundred or more chevrons high. Figure 85 summarizes several possible 
arrangements in connection with a simple register and indicates their advantages. 

For the no replicator in-line detector approach, Figure 85a, coincidence of the erase 
function with rend and write cannot be realized. This chip architecture is the one 
employed in the first and second lOOK bit chip versions (sec Item I report). For 
the prototj’pe recorder it is desirable to have this coincidence condition thus this 
architecture is not verj’ attractive. In addition, for the long detector stretches 
anticipated this approach becomes rather impractical because of the large area 
required to reduce the strip back to a bubble. 

By employing a guardrail detector in conjunction with a replicator, coincidence 
of the read, write and erase function can be realized. Also detectors with stretches 
greater than 100 elements can be easily attained in the guardrail where gradual 
reduction of the strip to a bubble is not required. The simplest approach uses one- 
passive replicator and has the same number of leads as the no-replicator design. 

Some problems in the single passive replicator approach may be encountered with 
consecutive bit stripout, especially in the asynchronous mode. Since the design of 
this 10 Kbit chip is considered to be intermediate between the second and third 100 Kbit 
versions it was decided that two replicators leading into separate detectors (Figure H5c) 
be used to enable the comparison of alternate and consecutive bit detection. Such an 
approach I’equires an additional set of annihilators and pads. The operation with two 
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passive replicators and two annihilators is such that alternate bits are collapsed in 
each replicator stream and these resulting streams are separated by one bit in time 
when entering the detectors. In this way each half of the detector detects every 
other bit with the other half acting as the dummy at the instant of detection. By 
adding a third lead it is possible to collapse one stream entirely and in this way 
to test the one replicator version which is really the most desirable if it works 
well. 

Figure 86 shows the phase diagram for the two passive replicator chip layout and 
Figure 87 shows the actual chip layout and components we have chosen to realize the 
desired design. The chip capacity is 10,240 bits. T-bar storage is used along with 
chevron-based intput-output components. The basic linewidth and gap parameters in 
this design were changed from2.4 ptm and 1 txm values of the second version of the 10 
bit chipto2 /Ltm and 0.8 ftm respectively. These changes were based on the scaling of 
larger bubble test patterns and the refinement of mask and device fabrication techniques. 
The gradual chevron corners leading into the detector are required because no tested 
alternative exists for an outside chevron corner. The inside corner does, however, 
exist and is used in going into one of the detectors,. The detectors are end shorted as 
it was felt that this would give the highest output (See Section 7). The detector stretch 
was increased to approximately 280 chevrons. This stretch can provide an ultimate 
signal sensitivity of at least 2. 3 mv/ma which is 2.8 times that of the second version 
lOOK bit chip. About 20 periods is allotted to stretch-out which should be adequate 
for even the lowest mobility materials provided the bit-bit interaction does not 
become excessive. Based on the results of Section 7 the period in chevron area was 
increased to 18 p.m whereas it is 16 pm elsewhere in the pattern. 

The T-bar to chevron merges have been tried in connection with a previous 10 
bit design and appear to work well. Dummy T-bar loops are provideu outside of the 
storage area and further act to eliminate stray bubbles from entering the register 
on the sides. The dummy loops feed out to the guard-rail which is made out of over- 
sized T's to cut down on plotting time. In the vicinity of the detector, standard 
chevrons are used to isolate the permalloy bonding pads from the register region. 

The last four chevron stacks of the detector act as a guardrail. 

In connection with T-bar storage, the bent-H and T-X comers are employed 
as has been done in second lOOK bit design. The T-X comer has been modified 
slightly to facilitate the pattern generation and to improve the margin based on 
comparative testing. The input/output components are chevron based and are the 
standard loop annihilator and generator design that has been used in the past. The 
alignment of the loop annihilator has been changed slightly, however, so that the 
loop is centered on the input side of a chevron rather than in the gap. This alignment 
increases the phase margin of the annihilators to at least 90 deg because the bubble 
sits on the input side of the chevron considerably longer than it does in the gap. This 
has been confirmed experimentally by stroboscopic measurement of the bubble 
position. No such change has been made in connection with the loop generator because 
its phase margin is already on the order of 270 deg. 
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9. 1.2 Design Evaluation (Continuous Operation). - The first device characterization 
measurements made on the bit chip were for continuous operation at 150 kHz and 
at room temperature. Tlie material and device parameters for the tested chip are 
presented in Table 25. As was pointed out in connection with the replicator study 
permalloy to garnet spacing is a critical parameter in-so-far-as replication is con- 
cerned. Accordingly as Table 25 indicates the spacing was chosen to be considerably 
less than <'500A for which margin degradation in the replicator was loiown to occur. 

Tlie continuous propagating margin is shown in Figure 88, Various bit patterns were 
written into the chip and the chip operation was observed using the linear detector 
output signal. It should be noted here that in Para 9. 1.3 the chip margins are deter- 
minfcd by using the logical detector output which can record errors much faster than 
by observing the linear output. TIius, the margins presented in this subsection on 
design evaluation will usually be about 4 or 5 Oe greater than those in the next 
subsection. As can be seen from Figure 88 at about 50 Oe drive field the full chip 
margin is 14 Oe for the worst case bit pattern. Note that the minimum drive field is 
on the order of 36 Oe. Even though a replicator component is being used the minimum 
drive field is slightly better than the second version 100 K bit chip. This may possibly 
be due to the reduction in linewidth and gap dimensions, not to mention the reduction 
in the material stripwidth from 4. 1 pm to less than 3. 5 pm. 

Further measurements were then made to determine what the limiting com- 
ponents were in the design. This was done by pulsing the bias field as a stream of 
bubbles passed the component in question. The data stream was subsequently electron- 
ically detected and the margin limits for that component determined. The results of 
these measurements appear in Figure 89 and indicate that either replication fails to 
occur or alternatively collapse occurs in the curved chevron section of track between 
the replicator and detector. Because the data in latter section of track is a duplicate 
of that stored in the register this results in a soft error margin limit which falls below 
the hard error limits of other components and in particular the replicator itself. It is 
believed that tliis soft error limit may be a result of the larger permalloy-tq-gamet 
spacing which occurs at the chevron portion of the circuit due to an underlying con- 
ductor. Removal of this conductor (added for testing purpose) should improve the 
margin, and according to Figure 89, yield an overall margin limited by the replicator 
at the high bias end and the bent-H comer at the low end. 

Finally to ensure that the chip would operate over a broad temperature range at 
150 kHz continuous margin measurements were marie at -10 °C and 60 oc. The 60 °C 
results are shown in Figure 90 and are largely similar to the 25°C results and for 
this reason will not be discussed. The -lO^C results which appear in Figure 91, 
however, are somewhat different, particularly at low drive fields. Examination of 


TABLE 25. MATERIAL AND DEVICE PARAMETERS 


Wafer 

«col 

°^W 2 

(ergs/cm ) 

4trM (gauss) 

w((j.m) 

h(fj>m) 

(SmGaYIG) 

128.8 

.22 

266 

3.31 

3.09 

Process 

Layer 

SiOg 

AfCu 

Si02 

NiFe 


Thickness 

800 

4100 

4500 

3100 A 
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Figure 89. Operating Margins of Several Components of the 10 Kbit Chip 
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Figure 91, Operating Margin of the 10 Kbit Chip at -10 C 







the margin shows that the low drive field end is considerably blunt This is believed 
to be a result of the higher wail energy of the garnet wliich maizes replication more 
difficult at low drive fields. Had the permalloy to garnet spacing been smaller than 
5500A it is likely this effect would not have been observed. On the whole Figures 88, 

90 and 91, show that the design operates continuously quite adequately over the -10 to 
60°C temperature range at a drive field of 45 - 50 Oe. 

Start-Stop. - Because the test chip is to be operated asyncronously it is neces- 
sary to ensure that no loss of data occurs during start-stop. For this reason gated 
measurements were made at the temperature limits of -10°C and 60°C. Tliese measure- 
ments were made by filling the register with several words and then gating the informa- 
tion aroimd to the detector during which time the bias is pulsed positive or negative. 
l\im-on and turn-off was made to coincide with the direction of propagation in the 
chevron portion of the register in these measurements which corresponds to the most 
favorable start-stop direction in the T-bar section of the storage loop. From nrevious 
measurements on the replicator it was known that for this component shut-down parallel 
or anti-parallel to the chevron propagation direction would produce favorable margins. 

The results for -10® appear in Figure 92. 

A reasonable margin was obtained for this particular orientation; however 
measurements made on the domain stripout for the bit in the detector indicated that 
extremely long precharge times would be required in order to detect the first bit upon 
initiation of the field rotation. The domain for this orientation rests in or near the gap 
of the chevron columns in the detector. These measurements were obtained in connection 
with an in-house study in support of this program and are presented in more detail in 
the Item I report. These data suggested that this start/stop direction will not allow 
first bit detection. More recent data on a 1Q5 bit chin of a similar design indicates 
that first bit detection can be attained at the expense of reduced margin. Other 
measurements on the stripout indicated that reasonable stripout times could be 
obtained for the start/stop direction parallel to the chevron propagation direction in 
the detector. However, for this case the start/stop direction is such that the bubbles 
would stop on the apex of the chevrons in the composing track and on the ends of the 
T's (or H's) in the T-bar area. Preliminary data on the start/stop reliability for this 
direction for the chip as a whole indicates that reasonable margins can be expected if 
large holding fields (~G.9 Oe) are employed. Therefore, the start/stop direction for 
this tjTDe of guardrail chip layout should be parallel to the direction of propagation in 
the detector in order to accomplish first bit detection in the asynchronous mode. It 
should be noted that this problem was not observed for the in-line chip because the 
most favorable start/stop direction for the storage region was also the one required 
for the detector. 

Components. - The data of Figure 92 do not indicate that the bent H corner is an 
important factor in limiting the margin. This is apparently due to the tilt of the chip 
relative to the Z-bias which makes other components appear worse. It has been noted, 
iiowever, in connection with other designs that for unfavorable field orientations the 
diagonal bar bent H corner caused margin narrowing, and therefore investigation of 
the start/stop characteristics of this corner was made. As the chip is presently laid 
out diagonal bars produce both favorable and unfavorable environments for turn-off due 
to the presence of the bent H corner and a 90 deg corner modification. For comparison 
purposes start/stop measurements were made on the T-bar track alone (bent 11 region) 
and these results appear in Figure 93 for both favorable and unfavorable in-plane field. 

As can be seen, the upper margin shows very little sensitivity to the in-plane field in the 
0 to 0 Oe range with the margin limit falling at about 20 Oe for orientation B. At 43 Oe 
drive Figure 94 shows that for the bent II with the diagonal bar and associated 90 deg 
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Figure 94. The Upper Margin Edge for Slai’t/Stop vs the In-Planc d-c Field 
for the 90 deg T-Bar Corner With a Diagonal Bar 
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corner the situation may be less favorable. Independent meausrements 
another sample in a different coil fail to show the same behavior, so that these results 
currently are in question. The fact that the bent H in the last column of bhe storage 
area where there are no adjacent diagnonal bar bent H corners shows such a large 
difference from the other bent H's is particularly puzzling since a special effort was 
made to maintain identical environments by placing adjacent T s in that area. Figu 
93 indicates that nearly 8 Oe favorable in-plane field is required to maintain the 
upper limit at 12G Oe. Further measurements are still in progress to crosscheck thes 

results. 

Q 1 3 Testing of devices for the memory cell-wafer level data. - A SmGaYIG wa^er 
was* selected for lO^ bit device fabrication. Standard magnetic bubble device process- 
ing techniques were used to fabricate these devices. Prior to the dicing operation 
thi individual registers are tested using the wafer nrobe station. The wafer prob^ 
station provides the necessary magnetic fields and bondless contacts to singularly 
establish the integrity of each register on the wafer. The ope rating bias for the 
continuous mode was measured for Hd - Oe at a fixed temperature -40 C), and 
100 kllz. A device was considered acceptable for further die level testing when the 
wafer level bias margin was 10 Oe or greater. The results obtained ® 

were 18 good die of which 13 had at least a 13 Oe overlap in margin. An additional o 
die, designated as backup units, had between 6 and 10 Oe margins. A wafer frac ui 
during dicing caused the loss of some of the better dice. 

Die level characterization. - The die level characterization procedure is accoinplished 
by first establishing the validity of each die at nominal bias settings. The 
annihilator and generator settings were derived experimentally from the first few 
devices. Once device operations are confirmed, the following test procedures are 
applied to evaluate the device. 

Propagation margin. - The propagation margins are tested by generating a specific 
bit pattern (11111010) in every 8-bit word and adjusting the exerciser detector 
circuit (strobe and threshold to be discussed later) for logic detection and error 
checking. The drive field is then set at 52 Oe and the temperature of the device is 
stabilized at 25 i5°C. The z bias field is then increased until a logic error is 
detected by the exerciser. The bias field is then slowly lowered until error free 
annihilation, generation and propagation is achieved for >10 seconds (<10 erro 
rate). This establishes the upper margin limit (H^ max)* lower margin 

(lU is then established by decreasing the bias field until errors again appear. 

The W^s is then raised slightly to establish error free annihilator^ generation and 
propagation for >10 seconds. This procedure is repeated for Hd 45 and bU ue 
while maintaining a constant temperature. The bias is then set to center bias 


H 


z max 


- II 


z min 


for Hp = 45 Oe. The drive field amplitude is then reduced until 

failures occur establishing the minimum drive field (11 d min)- 

from 42 to 44 Oe over the eight devices used in the memory cell. It appears that 

this relatively high vulie is peculiar to this run since data on devices from other 

lots (Para 9. 1.2) showed minimum drive fields of ~35 Oe. Minimum z bias field 

for most devices is limited by annihilator operation. As the bias field is decreased 

the annihilator either fails to annihilate or generates bubbles along the outside edge 

of the loop. Maximum z bias is a function of the replicate and 

track. This test scheme does not provide for further isolation of the high bias 

failure point but the field interrupt technique mentioned in Para 9.1.2 more clear y 


defines these failures. The details of this diagnostic testing will be covered in the 
Item 1 report. 

Generation. - The minimum exerciser pulsewidth of 200 ns was used exclusively 
throughout the generator evaluation. To evaluate the generator the drive field is- 
adjusted to 52 Oe and the device temperature stabilized at 25 i-5oC. The bias is then 
adjusted to one Oersted less than the maximum (Hz max-l) ''^lue previously estab- 
lished. The generator phase margin is then determined by varying the pulse (set at 
200 ma pk) over 360 deg of drive field rotation. The nominal phase is then deter- 
mined by placing the generator pulse at a position where reliable generation is 
achieved and the detected signal is not affected by any crosstalk or feedthrough. The 
pulse amplitude is reduced to determine the minimum effective amplitude for error 
free generation (ig min). The pulse amplitude is then set for the nominal (200 ma) 
value. On this device, three annihilators exist. One is in-line with each of the two 
detectors and the third is the standard serial on track annihilator. All are of the 
same configuration and differ only in that the detector annihilators are physically 
rotated 270 deg from the on track annihilator. The detector annihilators are arranged 
so that a single pulse serially applied will annihilate alternate bit positions. This 
technique will allow alternate bits to be passed to each detector, one detector detecting 
the even bits (0, 2,4...) the other the odd bits (1, 3, 5. . . ), when a serial pulse is 
applied every other clock pulse. If an annihilation/pulse is applied continuously to one 
detector annihilator all bits to that detector will be annihilated and consecutive bits 
will be detected in one detector. The continuous bit annihilation technique was used 
for all parameter testing. The detector annihilator pulse was set for 200 ns, 100 ma 
at 0 -t 10 deg referenced to the rotating X field. The in-line, on track annihilator was 
examined at a pulsewidth of 200 ns and an amplitude of 80 ma. The drive field is set 
for 52 Oe and the z bias is adjusted for the minimum bias plus one Oersted (Hz min l^* 
The phase of the annihilator is then measured over 360 deg of drive field rotation. 

The nominal phase is selected to minimize cross talk and provide reliable operation. 

At the nominal phase setting the pulse amplitude is reduced to determine the minimum 
current necessary for annihilation (i^ min)* The amplitude is then increased to deter- 
mine where the annihilator disturbs the propagating domain or creates bubbles along 
the outside edge of the loop (ia max)* The pulse is then reset to the nominal 80 ma pk. 

Detection. - The detected signal sensitivity for the 10*^ bit chip is about 2. 2 mv/ma 
for a three to five ma dc total excitation at room temperature (25 i 5°C). The maxi- 
mum signal occurs as the strip domain passes the detector chevron apex. The 
threshold was varied according to signal amplitude and dd/dt unbalance. 

The device temperature is then allowed to restablize at -10 : 5^^C and then 
“60 ± 5°C. At each temperature the test procedures are repeated. Table 26 is an 
outline of the tests required for device comparison. Figure 95 is a t3rpical margin 
plot of one of the eight memory cell dice. The bias margin versus drive is shown for 
ail three temperatures. The phase referenced chart depicts the area of operation for 
the annihilator and generator as well as the conditions existing during measurement. 
The sine wave represents the X-current and produces a magnetic field vector Hx as 
indicated. The Hx relationship to the components is also shown. The numbers 0, 90, 
180 and 270 refer to the phase in the NASA cell (wherein the coils arc rotated 45 deg 
from those in the test setup). The table in Figure 95 shows the minimum generator 
current (ig min)* the minimum annihilator current (i^ niin) the maximum annihi- 
lator current (i^ max) milliamps for all three temperatures. The notation 
WFR104-11H Oe indicates the margin v^alue obtained at the wafer probe level. The 
parameters thus obtained on all devices are then compared and those with overlapping 
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TABLE 26. DIE LEVEL TEST PROCEDURES 


PARAMETER 

TESTED 


all tests 

ALL TESTS 
all TESTS 


VS 


GENERATOR 

PHASE 

MARGIN 

MINIMUM 
GENERATOR 
CURRENT (i 


ANNIHILATOR 

minimum 

ANNIHILATOR 
CURRENT (i^ 

maximum 

ANNIHILATOR 
CURRENT (i^ 


CONDITIONS 


BIT PATTERN = 11111010; fxy = 150 kHz 

DETECTOR ANNIHILATOR #2 (rigM) ON 
CONTINUOUSLY, DETECTOR#! MONITORING 
ALL BITS. ANNIHILATOR PULSE PARAMETER 
Lj. 100 Ma, Pw - 200 ns, 0 = 0 ± 10 DEG 

nvTFCTOR STROBE POSITION = 180 t 10 DEG 
THRESHOLD AND d0/dt ADJUSTED AS NECESSARY 

Hdeive = °° 

T = -10 ± 5°C, 25 i 5OC, 60 ± 50c 

Hdrive ^ 

ig = 200 Ma, Pw = 200 ns 
^z ' max ^ 

“drive ’ ‘ 


Pw - 200 ns, 0 = NOMINAL (see text) 


max"^ 

DRIVE 
i - 80 Ma, Pw 

“ ^z min ^ 
II 


50-52 Oe, T - 60 ± 5°C 
200 ns 


50-52 Oe, T = 60 i 5°C 


DRIVE ^ 

Pw - 200 ns, 0 - NOMINAL (see text) 

. -^1 
nin 

- 50-52 Oe, T == 60 i 5°C 


^z ^^z min ^ 


^^DRIVE ^ 

Pw ” 200 ns, 0 NOMINAL (see text) 

TT — 

z min 


ms are selects. lor 

^dl: :?iSftoTeelut me“a of die No tSp>ot 

margin overlap . 

r^^ramr" foom^os^^ 

The mlnimam generator current varies frorn 15n to IdOja.^ Ji^^Sfolerlap 

phase window was designed to exist between pui-i-ent varies from 75 to 100 ma. 
with all eight devices. The “Inimurn amthito 

The anmhilator phase window comp y devices performed 

encompassing the cell specification. 
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9. 2 Memory Cell Package 


This seH-contained memory cell package contains all necessary mechanical 
hardware for the operation of 8 bubble memory chips (1/4 x 1/4 in. or less) including 
magnets for the static Z-field and coils for the generation of a rotating field. Major 
design emphasis was applied toward providing a superior heat conduction path to a 
cold plate and in producing a uniform field over the 8-ehip area. 

9.2. 1 Mechanical Design. — In assembly, the two machined ceramic substrates 
(Figure 97) and a ceramic cover are plated with 2 mils of copper (to linearize the 
rotating field) and bonded to two polyamide tape carriers (Figure 98) which were 
previously soldered to connectors. 

Bubble chips are aligned and cemented in the substrate cavities and each chip pad 
electrically strap bonded to the tape carrier. The two tape cables are then folded over 
the loaded chip carriers as shown in Figure 99 (middle left) and inserted inside of the 
Y coil and in turn inside the X or outer coil. The coil assembly is fastened to the coil 
base while the chip carriers are nestled and clamped on the ceramic and teflon posts. 
Three rows of connectors line up on one side of the coil base, two rows for the chip 
interface and one row for the coil connection. 

The bias structure is of three main parts, an aluminum frame which has holes 
for magnets, two permalloy plates which complete the mar, net circuit and a couple of 
trimmers which provide a variable amount of Z-field shunt. The assembly is shown 
in Figure 97. 



Figure 97. Machined Ceramic Substrate 
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Figure 99. Exploded View of Memory Cell 








The set of four photographs (Figure 100 through 103) also show the cell assembly 
at various stages. An optional Z-bias coil not shown in the photos was installed on the 
top permalloy plate so that Z-bias can be modulated. 

9. 2. 2 Field Coil Electrical Tests. - The figures and tabulations of this section are 
electrical data taken on the serial 03 coils and bias assembly which is identical to *he 
NASA ceU being delivered under this contract (NASl-12981). 

Figure 104 is a plot of Q, resistive and reactive loads in a series tuned resonant 
circuit. The plot reflects all effects from the assembled magnetic modules with the 
coils installed in the bias structure and with the plated chip carriers installed. 

Table 27 is a tabulation of coil Q, and resistive and reactive data taken for 
several states of module assembly. The data show loading effects of the various 
components on coil performance. The most significant effect is coupling with the bias 
structure, which for the outer coil at 150 kHz, increases resistance 38 percent and 
decreases inductance 14 percent. 

9. 2. 3 Field Coil Distribution and Variations. - A coil pair (X03, Y03) was evaluated 
for field distribution and Z field component: (1) with the coils only, (2), with 3-2 mil 
plates within the coQs, and (3) within the magnetic assembly and using the copper plates. 
Exact measurements of the closed assembly is not possible because of the necessity 
to insert the ac probe but simulation was done by using part of the assembly and 
al uminu m plates properly placed. The axial field was measured at 100 kHz using an 
ac probe (approximately 20 turns, 15 mils high, 15 mils thick and 200 mils long) while 
the Z conversion of rotating field was measured both with a small probe of similar 
dimensions and a large 1/4 in. spiral. 
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Figure 100. Assembled Cell 







Figure 103. Memory Cell Snowing Magnets 

Plattag the three ceramic substrates with 2 mUs of c^per slguific^tly improved 
the field distribution uniformity and reduced the Z-conversion of the rotati^ 

Fidd distribution for the two co'ls with and without surrounding magnetic 
fs shol to fS 105 and Figure 106 . The Z-conversion curves are not includ^ 
to this report because for the test with the 3-2 mil copper plates (simtoatmg plati^) 
feiarateTb?50 mUs within the cods there is a barely perceptible vanat.on (<• 1 Oe/AI 
over a centered square of 0.6 to. on a side. 

As far as a value of Z-conversion using the coil without cop^r toe m^imum 
value using a quarter luch wide spiral sensing loop appears to be 0. 6 Oe/A for 
safety and^ctoowledging a factor for local variations a value of 0. 9 Oe/A would be 
rfcommlded If to were to be driven with 3 amps peak then the maximum local 

Z-field modulation would be ±2.7 Oe from the operating ® 

strates are clearly superior and as such will be incorporated in the NASA cells. 

q ? 4 «bimt TUt, and Z-Bias Modulator Characteristics. - Four sets of barium 

ferrite m^ets are used to provide the Z-bias field which to 

bottom permalloy plates as shown in the mechanical sketch of Figure lu A 

Shunting pins have been installed in the bias structure (adjacent to magnets) to 
enable a 100 |;Siss midrange with ±10 gauss variance u^smg the ^‘^Justable shun^^^^ 
located on the sides of the structure. The two shunts have somewhat deferent charac 
tPriPtics as tabulated to Figure lOTa, the ”B" shunt havmg a greater effect on field 

Phunt "A" Siiformity, the shunts should have about the same displace- 

ment from horizontal for a desired field setting and should be set usmg a gaussmeter. 
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TABLE 27. TUNED REgON ANT ELECTRICAL 
Frequency - MHz 
.05 .05 .10 • ■'-5 -20 


DATA 


X Coil (Outer ) SN X03 
1. CoE Alone 


5.33 


22.4 


2.2 Inner Coil Uiserted 


3. Installed in Bias 
with Inner Coil 
Inserted 

4. Installed in Bias 
with Plated Chip 
Carriers 

Y Coil (Inner) SN Y03 

1. Coil Alone 


4.83 9.67 14.3 

Q 1 15.3 19.6 


9.67 14.3 19.3 


2. Inserted in Outer 
CoE 


I 3. Installed in Bias 
with Inner CoE 
Insertion 

4. Installed in Bias 
with Plated CMp 
Carriers 


6. 13 


COILSENSmvn Y (Oe/A) 


2M1LCU PLATED 
SUBSTRATE PLATES- 


50 MILS 


TOP CHIP LOCATION 

“ BOTTOM CHIP 
LOCATION 


INNER COIL Y03 


OUTER COIL X03 



i14.3 Oe/A 
514.0 Oe/A 


DISTANCE FROM COIL CENTER (INCHES) 


0.1 0 

COIL CENTER 


Figure 105, Coil Seusitivity (Outside Magnetic Structure) 
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Figure lOG. Coil Sensitivity (Asscml)lcd Configuration) 
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B. WITH BIAS SET FOR 100 GAUSS, Tl LT OF BIAS 

RELATING TO COILS SHOWS A MEASURED INPLANE 
COMPONENT OF 2.27 GAUSS - 




C. BIAS COIL CHARACTERISTIC WITH BIAS SET FOR 
100 GAUSS - 
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Figure 107. Bias t^hunt. Winding, and Tilt rharacteristics 
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Figure los. Bias Assembly Field Gradients (Both Shunts at Max Position) 
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Figure 109, Bias Assembly Field Gradients (Both Shunts at Zero Position) 
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FiRure 110. Bias Assembly Field Gradients (One Shunt Max, One Shunt Min) 
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Figure 113. Cell-Cell Bias Interaction (3 Cells Arljacent) 
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9.3 Memory Cell Characteristics 


9.3.1 Cell Testing. - A series of tests was run to determine how well the selected 
chips perform as a composite in the magnetic bias assembly. Results confirm opera- 
tion of the module from room temperature to equilibrium at approximately 50° C with 
the cell mounted on an aluminum "bud'- box without individual adjustment of chip param- 

adjustment made in switching from chip to chip was in balancing the 
d(|)/dt noise to zero each time which is a reflection of cabling layout and routing rather 
than chip performance. 

The raw test results and observations are given in Tables 28 to 30 listed in 
chronological order from the receipt of the assembled cell. This data was compiled 
into the list of composite parameter matching tolerances given in Table 31 within which 
the cell can be set up and operated. 

9.3.2 Test Results. - Because the chips were selected and individually characterized 
before installation on the substrate little difficulty was experienced in setting up the 
cell for composite operation as indicated in Table 28. A minor difficulty was encoun- 
tered with a wire bond which was contacting the plated substrate causing a differential 
line to be imbalanced. All assembly and bonding operations were done in a clean 
room to minimize potential problems with dust or magnetic particles. 

testing started by determining composite Z margin as given in 
Jie left column of Table 29 while holding all other parameters fixed at the nominal 
values listed. For the first trial of 112 Oe all chips exceeded the criteria chosen as 
1 min of operation which roughly corresponds to 10? field rotations or detection trials. 
Ihe next two trials at 110 Oe and 116 Oe established the room temperature limits of 
-- bias excursion. Notice that chip 8 faiis under high bias while chip 5 fails under low 
bias vvhich is the expected result based on data taken on individual die given in Fig- 
ure 96. The next step was to determine annihilator amplitude and phase margin for 
le worst condition which is a low Z bias. From a system design standpoint the 23 
cegree or approximately 400 nanosecond or phase margin and the 50 milliamps or 
nominal 1 20 percent of margin is more than adequate. Next a test of maximum anni- 
hilator amplitude to determine susceptibility of spirials bubble generation was done and 
t na ly the last room temperature test listed on the right of Figure 29 was to determine 
Replicator/annihilator amplitude margin. 


Table 30 gi.-es the results of temperature testing of the ceil. The Z margin as 
shown on the left was determined to be about 4 Qe at 49 deg. Since the high tempera- 

margin the Z bias was adjusted to be in center margin at 
oO C by tighting the adjustment plates on the side of the cell. 


lemperature tracking of Z bias magnets compared to chip requirements was 
evaluated next. When the bias assembly was evaluated by itself a temperature coeffi- 

^ was found which perfectly matches the thermal coefficient 
of this batch of chips. With the bias assembly mounted on a piece of aluminum, a the 
thermal drop of approximately 8 C occurs between magnets and substrate which 
effectively reduces the magnet assembly thermal coefficient to -0. 15 Oe/° C This 
tracking error reduces margin to about 2 Oe over temperature. The composite mar- 

^ chips is about 4 Oe as shown in the left columns but tracking error 

oi the assembly reduces the margin to approximately 2 Oe. 


KiO 


TAI31.E 28. SETUP NOTES 


1. Calibration of Tempo I’ature Sensing Diodes. 

Thermometer reads 27. 5^C - Top Substrate Diode 0.5H2 \ olts 

- bottom Substrate Diode O-SHo Volts 


2. Scope Calibrated 

:S. Gaussmeter Calibi'ated: Measured standard magnet of 2!).=j Gauss as 2‘)2 Gauss 

-i. Frequency Set at 150, 198 Hz. 

5. Set X ami Y current at 4 Amps for initial test. 

(i. Read/write test failure on No. 1 bottom substrate and No. 2 top. 

In both cases the symptom was extraordinary d0 dt noise. 

7. Disassembled Cell; Found bond wire ends which were high and which probably 

were shorting to plated substrate, bond wire ends were pushed down. 

K. Suspicions Confirmed. All eight chips passed I'ead write test. 

The third column gives the results of varying X'^Y field amplitude r 10 percent at 
the higher temperature while the last column gives results of the final room tempera- 
ture test. 

Figure 124 shows the linear outputs from the eight detectors. Maximum phase 
shift as indicated by the ’’zero” and "one” crossover is about 9 deg on chip number 4 
and (). This is probably due to a slight misalignment of the chips since the whole 
waveform is delayed in phase, not just a portion. The large systematic noise at 
45 deg is due to the roplicator/armihilator which is required during read time. The 
high frequency' systematic noise is symptomatic of uncontrolled cabling of the test box 
and exerciser. Minimum sensitivity of the composite is about 0.9 mV m.V at oO C. 
Open circuit sensitivity of the detector is 1. 1 m.V mA. Annihilating every other bit 
in ping-pong fashion provides a bi-polar signal, as shown in Figure 125 undamped 
and clamped. The problem of placing equal and opposite polarity *^hresholds within 
the signal is clearly shown. Under these conditions the exerciser will run error iree 
for a few minutes but only after much adjustment. Testing for parameter matching 
was done by annihilating all bubbles in one track and sensing consecutive liubbles in 
the other. Other waveforms obtained during cell test are shown in Figure 12(); dlV dt 
voltage is on tlie order of 20 mVolts peak as shown in the top two photos. The 
current pulses shown in the next photo are supplied by' a high impedance driver. 
Because of the large loops on the cable and the uncontrolled impedance (open on one 
end, shorted on the other) the currents are distorted. 

The last photo shows signals in the sense channel from the detector output on 
the bottom to the digital output on the top. 

This raw data is compiled in Table 21 as a list of composite matching i’ec|uiro- 
ments. Most of the r-equirements allow amplitude variations of 10 percent and 
timing variations of 200 nsec which is the typical performance of integrated circuit 
and transistorized circuit design. Figure 127 is a definition of the timing used in 
setting up the cell. Timing is defined as from the peak X curi'cnt into the positive 
terminal of the X coil to 50 percent amplitude on the leading edge of a pulse. 
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TABLE 29. COMPOSITE IVIARGIN TESTS - I. ROOM TEMPERATURE 

Initial Room Temperature Test Annihilator Phase and Amplitude Replicate 



La Bias 

Lo Bias 

Hi Bias 

Min 

Max 

Max AmpI 

Annihilate Test 

(Ob) 

112 

110 

116 

110.0 




(Oe) 

4B.8 



48.B 




(V respect to x) 

90“ 



90° 




Temp (°C| 

20.5 



20.5 




Ig (ma) 

200 ma 
22.5° Wide 



200 ma 
22.5° 




ttg (Deg) 

90° 



90° 




i^ (ma) 

80 ma 
22.5° Wide 

100 ma 


100 

(22.5°) 


150 ma 

125 ma 

(Deg) 

160 

135 

11 

112’/2 

150 

Except as 
noted below 

125° 


R/A (ma) 

130 ma 

22’/i° 



130 ma 
22'/2 



(See below) 
22'/: Wide 

<i>RIA (Deg) 

22'/« 



22’/2 



22% 

Bridge Drive (ma) 
Each Side 

3.2 







Pattern 

1111 1010 







* Strobe 

202° 







Chip No. 1 
No. 14 

All 

>1 Min 

>1 Min 

>1 Min 

>1 Min 

>1 Min 

110 • 200 

Chip No. 2 
No. 28 

>1 Min 

45 Sec ’ 


>1 Min 

LiMi: It 
135° 


100 • 200 

Chip No. 3 
No. 43 


> 1 Min 


>1 Min 

Limit at 
135° 


120 200 

Chip No. 4 
No. 78 
Chip No. 5 
No. 43-b 


> 1 Min 
20 Sec 

All 

>1 Min 
20 Sec 2 

>1 Min 

Limit at 
135° 

All 

100 - 200 
120 -200 

Chip No. 6 
No. 65 


> 1 Min 


>1 Min 

1 Min 


90 - 200 

Chip No. 7 
No. 29 


> 1 Min 


> 1 Min 

10 Sec 


110 -200 

Chip No. 3 
No. 58 


> 1 Min 

20 Sec ^ 
•31 Min 

20 Sec 2 

> 1 Min 


100 • 200 

1 Soft Error 


2 Hard Error 

3 At lim 

it "■'•;asionaIlv tails 



1C2 
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TABLE 30. COMPOSITE MARGIN TESTS - 11. 

VARIABLE 

3' EM PE 

RATE RE 


High Temperature Test 

Z Bias Tracking Test 

Rotating Field Test 

Final Room Temp 


Lo Z Hi Z 

Z-Field Room 

Set-Up Temp 




Hj, (Qe) 

105.3 189.0 

108.1 ^ 110,8 

1G8.S 

108.5 

111 

Hxy(Oe) 

48.8 


45 

54 

48.8 

(i> (y respect to x) 

90" 


90 



Temp (°C) 

49 

so" 27 

48 

48 

27° 

Ig (me) 

200 ma 
22'/i Wide 


200 ma 
22’/2 Wide 



6g (Deg) 

90" 


90" 



(ma) 

125 ma 
22Vr" Wide 


125 ma 
22’/:° Wide 



^ (Deg) 

125 


125 



R/A (ma) 

130 ma 
Z2'A° Wide 


130 ma 
22’/," Wide 



‘^RIA 

22’/r 


22'4 



Bridge Drive (ma) 

3.2 


3.2 



Pattern 

1111 1010 


1111 1010 



Strobe 

202" 


202" 



Chip No. 1 

'I Min ' 1 Min 


- 1 Min 

• 1 Min 

•1 Min 

Chip No. 2 






Chip No. 3 






Chip No. 4 

All 


All 

All 

All 

Chip No. 5 






Chip No. 6 






Chip No. 7 






Chip No. 8 

5 Sec 2 





1 Soft Err 






2 Hard Err 






3 Depends somewhat on set-up accuracy 

probe placement etc. is probably Oe 






1()3 
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TABLE 31. COMPOSITE PARAMETER MATCHING REQUIREMENTS 




MIN. 

NOMINAL 

MAX. 

TOLERANCE 

Z Bias Composite Chip 






Operating Limits 






at25“C 

Oe 

110 


116 


at 50°C 

Oe 

105.3 


109 


8 Chip and Z Bias Magnet 






Composite Operating 






Limits 






Chips atZ5°C Magnet 

ZB^C Oe 

110.0 

111.0 

11B.0 


Chip' at SO^C Magnet 

-40°COe 

105.0 

108.3* 

109.0 


Thermal Coefficient 






Composite Chips 

Oe/°C 

- 

.2 

- 


Magnet Frame 


- 

.18 

- 


Rotating Field 






Oe 


45 

50 

55 

±10% 

Ob 


45 

50 

55 

±10% 

Phase Hy to 

Degrees 

- 

90° 

- 


Rotation Freq. 

Hz 


150, 198 

- 


Detector Resistance 

Kn 


1.375 



(Each Side) 






Detector Match 



SO 



Differentia! Output 

Millivolts 

2.1 










Bridge Drive 

MA 


3.2 




*The Z Bias Magnet was set to tliis value after running for an hour 


1(>4 










TABLE 31 (Cont) 



UNITS 

MIN. 

NOMINAL 

MAX. 

TOLERANCE 

Generator (Z) 

Q 





Resistance 



3 



Current 

mA 

ISO 

200 


+ 10% 

Go 

Degrees 

- 

90° 


±20° 

Gyy 

Degrees 

22-1/2 

- 

- 

±20° 

Annihitator (Z) 

n 





Resistance 



3 



Current 

mA 

1Q0 

111 

122 

±10% 


Degrees 

112 

12S 

135 

±12% 


Degrees 

nMi 

- 

- 

+ 20° 

Replicate/Ann. (Z) 






Resistance 

^2(each) 


3 



Current 

mA 

12D 

133 

147 

±10% 


Degrees 

20 

30 

40 

±10° 


Degrees 

22-1/2 

- 

- 

+ 20 

Restore 

Release 

Degrees 


165° 

_ 


Strobe (ST) 

Degrees 

- 

202° 




165 
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(a) UNCLAMPED 
VERT - 1.43 MV/DIV 

HORZ - 45 DEG/DIV or 833 NANOSEC/DIV 
BOTTOM IS X CURRENT FOR REFERENCE; CHIP 8 



(b) CLAMPED 

Fifiure 125. Ping-Pong Detection 



UNBALANCED OUTPUT FROM CHIP N0.1 
VERT - 14.3 MILLIVOLTS/DIV 
HORZ -45°/DIV 


SAME AS ABOVE EXCEPT FROM CHIP N0.2 


CELL CURRENTS 

LEFT - REPLICATE ANNIHILATOR 
MIDDLE - GENERATOR PULSE 
RIGHT - ANNIHILATOR 
VERT -BOM A/D IV 

HORZ - 45°/DIV OR 833 NANOSEC/DIV 
BOTTOM IS X CURRENT FOR REFERENCE 


SENSE CHANNEL SIGNALS 
TOP - DIGITAL OUTPUT 

SENSE AMP OUTPUT 
PREAMP OUTPUT CLAMPED 
BOTTOM - PREAMP OUTPUT UNCLAMPED 


Cell Waveforms 
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